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Chapter 1  General Introduction 
1.1  CO2 capture and sequestration (CCS) 
Carbon dioxide capture and storage (CCS) technology are promising option in a combination of 
mitigation actions to stabilize atmospheric greenhouse gas concentrations, as fossil fuels remain the 
main source of energy for the foreseeable future [1]. It is best suited for large point sources, 
including fossil fuel power plants, fuel processing plants and industrial plants (steel, cement and 
petrochemical) [2]. Today, CCS technology at all stages of research, development, demonstration 
and deployment is extensive and diverse. However, for large-scale commercial deployments, these 
are not fully mature [3]. The main challenges identified for the complete commercialization of CCS 
include reduced energy losses to the main power plant, reasonable capital and operating expenses, 
acceptable plant footprint and high purity CO2 production to meet subsequent transportation/storage 
requirements [4]. 
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Figure 1-1.  CO2 capture technologies [5] 
1.1.1  CO2 capture technologies 
The formation of CO2 during combustion, the type of combustion process directly affects the 
choice of the appropriate CO2 removal process. Carbon dioxide capture technology is available on 
the market, but is generally expensive and accounts for 70-80% of the total cost of the entire CCS 
system, including capture, transportation and storage [6]. Therefore, major research and 
development efforts are focused on reducing operating costs and energy losses. There are three 
main CO2 capture systems associated with different combustion processes, namely post-combustion, 
pre-combustion and oxy-combustion. These three techniques are shown in Figure 1-1 and discussed 
in the following sections. 
This process removes CO2 from the flue gas after combustion has taken place. Post-combustion 
technology is the preferred solution for retrofitting existing power plants. The technology has been 
verified on a small scale and carbon dioxide is recovered at speeds of up to 800 tons per day [7]. 
However, the main challenge of carbon dioxide capture after combustion is its large parasitic load. 
Since the carbon dioxide content in the combustion flue gas is usually very low (compressed coal is 
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7-14%, gas is as low as 4%), the capture device achieves energy loss of carbon dioxide 
concentration and related costs required for transportation and storage (more than 95.5%) Raised 
[8-10]. The National Energy Technology Laboratory estimates that post-combustion capture of 
carbon dioxide will increase electricity production costs by 70% [11]. A recent study reported that 
the burning costs of gas and coal-fired power plants increased by 32% and 65%, respectively [12]. 
It has been determined that 16 large integrated CCS projects are currently in operation or not, but 
two of them are post-combustion technologies [13]. 
In this process, the fuel (usually coal or natural gas) is pretreated prior to combustion. For coal, 
pretreatment involves a gasification process carried out in a gasified at a low oxygen level, forming 
a singe consisting primarily of CO and H2, and is primarily free of other polluting gases (Equation 
(1-1)). The singes will then undergo a water gas shift reaction, the steam will form more hydrogen, 
and the CO gas will be converted to CO2 (Equation (1-2)): 
gasification 
Coal      ⟹      CO  +  H2                           (1-1) 
Water-gas shift 
CO  +  H2O        ⟹       H2  +  CO2                (1-2) 
reform 
CH4  +  H2O     ⟹    CO  +  H2                      (1-3)  
The high CO2 concentration (> 20%) in the H2/CO2 gas mixture promotes the separation of CO2 
[10], and a typical CO2 separation method is discussed in Section 1.2 Subsequently, H2 is burned in 
the air, mainly producing N2 and water vapor. Pre-combustion capture can be applied to integrated 
gasification combined cycle (IGCC) power plants that use coal as a fuel, but this will result in a loss 
of efficiency of 7-8% [7, 14]. EPRI and the US Department of Energy have developed a roadmap 
for IGCC technology development that can improve IGCC efficiency matching or exceed current 
IGCC technology without capture [14]. 
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1.1.2  Oxy fuel combustion 
In oxy fuel combustion, oxygen is used instead of air for combustion. This reduces the amount 
of nitrogen present in the exhaust gas and affects the subsequent separation process. A significant 
reduction in thermal NOx is another advantage of this process [15]. By using pure oxygen for 
combustion, the main components of the flue gas are CO2, water, particles and SO2. Particulate 
matter and SO2 can be removed by conventional electrostatic precipitators and flue gas 
desulfurization methods. The remaining gas contains high concentrations of carbon dioxide 
(80-98%, depending on the fuel used [16]) and can be compressed, transported and stored. This 
process is technically feasible [15] but consumes a large amount of oxygen from energy-intensive 
air separation units [17]. This leads to high costs and energy losses may exceed 7% compared to 
plants without CCS [18, 19]. In addition, high SO2 concentrations in the flue gas may exacerbate 
system corrosion problems. Currently, there are no full-scale oxy-combustion projects in the 
1000-2000 MW range under development, but some small-scale commercial demonstration plants 
are being developed around the world, such as the 25MWe and 250Mwe oxy-hydrogen plants 
proposed by CS Energy and Vattern. -fall, respectively [19]. 
 
Table  1-1  Advantages and disadvantages of the different CO2 capture technologies. [16, 20] 
Capture 
process 
Application 
area 
Advantages Disadvantages 
Post-combu
stion 
Coal-fired 
and 
gas-fired 
plants 
Technology more mature 
than other alternatives; can 
easily retrofit into existing 
plants; 
Low CO2 concentration 
affects the capture 
efficiency; 
Pre-combus
tion 
Coal- 
gasification 
plants 
High CO2 concentration 
enhance sorption efficiency; 
fully developed technology, 
Temperature associated 
heat transfer problem 
and efficiency decay 
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commercially deployed at the 
required scale in some 
industrial sectors; 
opportunity for retrofit to 
existing plant; 
issues associated with 
the use of hydrogen-rich 
gas turbine fuel; high 
parasitic power 
requirement for sorbent 
regeneration; inadequate 
experience due to few 
gasification plants 
currently operated in the 
market; high capital and 
operating costs for 
current sorption systems; 
Oxy fuel 
combustion 
Coal-fired 
and 
gas-fired 
plants 
Very high CO2 concentration 
that enhances absorption 
efficiency; mature air 
separation technologies 
available; reduced volume of 
gas to be treated, hence 
required smaller boiler and 
other equipment; 
High efficiency drop and 
energy penalty; 
cryogenic O2 production 
is costly; corrosion 
problem may arise; 
Chemical 
looping 
combustion  
Coal- 
gasification 
plants 
CO2 is the main combustion 
product, which remains 
unmixed with N2, thus 
avoiding energy intensive air 
separation; 
Process is still under 
development and 
inadequate large scale 
operation experience; 
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1.1.3  Comparison of different combustion technologies for CO2 capture 
Table 1-1 compares the above three CO2 capture technologies. Pre-combustion is mainly used 
in coal gasification equipment, and post-combustion and oxy-combustion can be applied to 
coal-fired and gas-fired equipment. Post-combustion technology is currently the most mature CO2 
capture process [16, 20]. In terms of cost, Gibbons and Chalmers [21] compared three technologies 
for gas and coal-fired power plants (Table 1-2). They report that for coal-fired power plants, 
pre-combustion technology has the lowest cost per ton of carbon dioxide, while the cost of 
post-combustion and oxy-fuel technology is similar. However, for gas-fired power plants, the cost 
per ton of carbon dioxide avoided by post-combustion capture is nearly 50% lower than the other 
two capture technologies. In addition, post-combustion CO2 capture is often the least efficient 
option, with energy losses for coal and gas-fired power plants being approximately 8% and 6%, 
respectively [22]. 
Table 1-2 Cost comparison for different capture processes [52]. Costs include CO2 compression to 
110 bar but excluding storage and transportation costs [22] 
Fuel type Parameter Capture technology 
 No 
capture 
Post- 
Combustion 
Pre- 
combustion 
Oxy- 
fuel 
Coal-fired Thermal efficiency 
(%LHV) 
44.0 34.8 31.5 35.4 
Capital cost ($/kW) 1410 1980 1820 2210 
Electricity cost (c/kWh) 5.4 7.5 6.9 7.8 
Cost of CO2 avoided 
($/tCO2) 
– 34 23 36 
Gas-fired Thermal efficiency 
(%LHV) 
55.6 47.4 41.5 44.7 
Capital cost ($/kW) 500 870 1180 1530 
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Electricity cost (c/kWh) 6.2 8.0 9.7 10.0 
Cost of CO2 avoided 
($/tCO2) 
- 58 112 102 
 
1.2  Carbon dioxide separation technology 
This section describes the main CO2 separation technology that can be used to separate CO2 from 
the flue/gas stream prior to transportation. Advanced technologies have been developed, such as wet 
scrubbers, dry regenerative adsorbents, membranes, cryogenic, pressure and temperature swing 
adsorption, and other advanced concepts. These technologies are compared in Table 1-3 and 
discussed below.   
 
 
Table 1-3   Comparison of different separation technologies. 
Technology Advantage Disadvantage Reference 
Absorption High absorption 
efficiency (>90%). 
Absorption efficiency 
depends on CO2 
concentration. 
[20,23,25] 
 Sorbents can be 
regenerated by heating 
and / or depressurization. 
Significant amounts of heat 
for absorbent regeneration 
are required. 
 
 Most mature process for 
CO2 separation. 
Environmental impacts 
related to sorbent 
degradation have to be 
understood. 
 
Adsorption Process is reversible and 
the absorbent can be 
Require high temperature 
adsorbent. 
[28–30,50] 
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recycled 
 High adsorption 
efficiency 
achievable(>85%). 
High energy required for 
CO2 desorption 
 
Chemical 
looping 
combustion 
CO2 is the main 
combustion product, 
which remains unmixed 
with N2, thus avoiding 
energy intensive air 
separation 
Process is still under 
development and there is no 
large scale operation 
experience. 
[41–43] 
Membrane 
separation 
Process has been adopted 
for separation of other 
gases 
Operational problems 
include low fluxes and 
fouling. 
[25,44,45,5
1] 
 High separation 
efficiency 
achievable(>80%). 
  
Hydrate- 
based 
separation 
Small energy penalty New technology and more 
research and development 
is required. 
[14,20,46,4
7] 
Cryogenic 
distillation 
Mature technology. Only viable for very high 
CO2 concentration>90% 
v/v. 
[48,49] 
 Adopted for many years 
in industry for CO2 
recovery 
Should be conducted at 
very low temperature 
 
  Process is very energy  
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intensive 
 
1.2.1  Absorption 
A liquid adsorbent is used to separate the CO2 from the flue gas. The adsorbent can be 
regenerated by a stripping or regeneration process by heating and/or depressurization. This process 
is the most mature CO2 separation method [20]. Typical adsorbents include Monoethanolamine 
(MEA), Diethanolamine (DEA) and potassium carbonate [23]. Among the various aqueous 
alkanolamines, such as MEA and DEA, Veawabetal. [24] MEA was found to be the most efficient 
CO2 absorption efficiency with an efficiency of over 90%. Subsequently, Aaron et al. [25] A 
review of various CO2 capture technologies and concludes that the most promising CCS CO2 
capture method is the use of MEA for absorption. A 1 ton CO2 / h absorption pilot plant was built 
and successfully tested with post-combustion capture technology using a coal-fired power plant 
containing 30% MEA solvent [25]. Other adsorbents, such as piperazine and anion-functionalized 
ionic liquids, have also received attention in recent years [26]. Piperazine has been found to react 
much faster than MEA, but because it is more volatile than MEA, its use in CO2 absorption is 
more expensive and still in development [27]. 
 
1.2.2  Adsorption 
   In contrast to the absorption method using a liquid absorbent, a solid adsorbent is used to bind 
CO2 on its surface. Large specific surface area, high selectivity and high regenerability are the main 
criteria for adsorbent selection. Typical adsorbents include molecular sieves, activated carbon, 
zeolites, calcium oxide, hydrotalcite and lithium zircon ate. 
  The adsorbed CO2 can be recovered by swinging the pressure (PSA) or temperature (TSA) of the 
system containing the CO2 saturated adsorbent. PSA is a commercially available technology for 
recovering CO2 from power plants with efficiencies greater than 85% [29, 30]. During this process, 
carbon dioxide is preferentially adsorbed on the high pressure surface of the solid adsorbent, which 
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will oscillate to a low pressure (usually at atmospheric pressure) to desorbs the adsorbent and 
release carbon dioxide for subsequent transport. In TSA, the adsorbed carbon dioxide will be 
released by increasing the temperature of the system using hot air or steam injection. The 
regeneration time is usually longer than PSA, but the CO2 purity is higher than 95% and the 
recovery is higher than 80% [31]. The operating cost of a particular TSA process is estimated to be 
$80-150/ton of CO2 capture [32]. Finally, the use of residues in industrial and agricultural 
operations to develop adsorbents for capturing carbon dioxide has drawn great attention to reduce 
the total cost of capture [33-36]. 
Today, several different methods are used to capture and remove carbon dioxide from flue gases 
and exhaust gases. Available methods can be divided into physical and chemical methods. This 
method is different from physical methods and can be widely used commercially. The adsorbent can 
react with carbon dioxide to achieve carbon dioxide recovery. Then, a reversible reaction is carried 
out using a regenerated adsorbent. Chemical methods are an effective technique for capturing 
carbon dioxide. The advantages of this method apply to low carbon dioxide pressures. The process 
includes amine-based absorption, ammonia washing and oxidative carbonation. The principles of 
these methods are described as follows. 
Alkali-metal carbonate based sorbents as typical low-temperature sorbents have been paid more 
attention for CO2 capture application over the past several years because of both high sorption 
capacity and low cost. In many studies on the CO2 capture of alkali-metal carbonate based sorbents, 
both experimental fuel gas conditions and porous supports were focused. Particularly, the 
experimental conditions of CO2 capture include temperatures for occlusion and regeneration 
reactions, a CO2 concentration, a H2O concentration, etc. However, Na2CO3-based sorbents have 
some serious problems such as slow reaction rate or high energy cost for regeneration of sorbents. 
 
1.3  Na2CO3-composites 
A solid adsorbent process for CO2 capture is also under investigation. This paper reports 
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preliminary results for a dry, renewable, sodium-based sorbent process that may be suitable for 
existing and new power plants. The CO2 is removed from the flue gas by reaction with Na2CO3 
while the adsorbent is regenerated to produce an off gas containing only CO2 and H2O. 
Condensation of H2O produces a pure CO2 stream suitable for subsequent use or isolation. The 
adsorbent regeneration produces an exhaust gas containing only CO2 and H2O. Condensation of 
H2O produces a pure CO2 stream suitable for subsequent use or isolation. The important reaction to 
capture CO2 using Na2CO3 is 
Na2CO3(s) + CO2(g) + H2O(g)      2NaHCO3(s)                    (1-4) 
∆Hr° = -135 kJ/mol  Na2CO3 
Na2CO3(s) + 0.6CO2(g) + 0.6H2O(g)      0.4[Na2CO3·3NaHCO3](s)    (1-5) 
∆Hr° = -82 kJ/mol   Na2CO3 
The product of the second reaction is called Wegscheider salt or Wegscheiderite. Both reactions 
are reversible and highly exothermic, so energy management will be an important consideration in 
commercial systems. Other potential reaction products, such as sodium sesquicarbonate , 
Na2CO3•NaHCO3•2H2O, and hydrate NaHCO3•H2O, do not appear to be important under the target 
reaction conditions. Contaminants in the flue gas, such as SO2 and HCl, will irreversibly react with 
Na2CO3 and must therefore be reduced to low levels prior to CO2 capture. 
Equilibrium analysis using HSC Chemistry [37] indicated that NaHCO3 should be the only 
product formed under the reaction conditions studied. However, the adsorbent precursor suppliers 
used in the experimental studies were Church and Dwight, Inc. The phase diagrams provided 
indicate that the Wegscheider salt is most favorable for H2O and CO2 partial pressures at reaction 
temperatures of 70 ° C and above. the study. X-ray diffraction analysis of the product from the fixed 
bed reactor test confirmed the formation of the Wegscheider’s salt. The following sections discuss 
and analyze the results of the electronic balance experiments based on the formation of 
Wegscheiders salts at carbonization temperatures of 70 ° C and above, and the formation of 
NaHCO3 at temperatures below 70 ° C. Even in tests using a nominal 60 ° C carbonation 
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temperature, the fixed bed reactor product was also referred to as the Wegscheider’s salt because the 
heat of the reaction was very exothermic. 
Experimental studies were carried out using an electronic balance (TGA) and a small fixed bed 
reactor. Electronic balances are used to study carbonation and regeneration reactions as a function 
of temperature and gas composition and to perform limited multi-cycle testing. Replace N2 and O2 
with helium to increase electron balance sensitivity. CO2 and He were obtained from high purity 
cylinders and their flow was monitored using a calibrated rot meter and needle valve. The injection 
pump is used to feed H2O and the feed line is heat tracing to ensure complete evaporation prior to 
mixing with the permanent gas. 
 
 
Figure 1-2.  Typical electro balance response in a single calcinations-carbonation  
cycle [40] 
 
Table 1-4:  Selected Properties of Church and Dwight Grade #3 NaHCO3 [40] 
 
composition NaHCO3 >99%  
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 sulfate <150 pap as SO4  
chloride <150 ppm as Cl  
heavy metals < 5 ppm  
structure avg. particle BET surface area porosity 
size, u m2/g % 
as received 31.6 3.7 - 
after calcinations in air 
3 h at 125 °C 
- 3.5 45 
overnight at 125 °C 33.6 2.7 55 
 
Since the electronic balance did not provide information on the composition of the product gas, a 
fixed bed reactor was used to study CO2 removal. Permanent gases, in this case CO2 and N2, are 
obtained from high purity cylinders where mass flow controllers are used to control flow. H2O was 
obtained by passing CO2 and N2 through a temperature-controlled gas bubble. It is assumed that the 
bubbler product is saturated with H2O. The reactor product gas was passed through an ice bath 
condenser to remove excess H2O and then passed to a gas chromatograph for analysis. 
A more complete description of the electronic balance [38] and fixed bed reactors, including the 
Product Gas Analysis [39] system, can be obtained in previous publications. The characteristics of 
the adsorbent precursor NaHCO3 grade #3 from Church and Dwight and the calcined adsorbent 
Na2CO3 are summarized in Table 1-4. Church and Dwight provided compositional data, while 
structural properties were measured as part of this study. The BET surface area was measured using 
a Quanta chrome Nova 1000 analyzer with N2 adsorption-desorption, while the porosity was 
determined using a Micromeritics Auto Pore II 9220 mercury porosimeter. 
In the present study, to obtain a novel material with a high energy efficiency as a CO2 sorbent, a 
sodium carbonate-carbon nanocomposite and a potassium carbonate-carbon nanocomposite were 
prepared from terephthalic acid and ( NaOH and KOH ) and the CO2 occlusion properties of the 
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obtained substance were studied under moist conditions. Compared with bulk sodium carbonate, 
this research focuses on exploring new ways to improve the CO2 capacity, reaction rate and 
regeneration temperature. 
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Chapter 2  The basic theory 
2.1  Emission of carbon dioxide 
The major anthropogenic greenhouse gas (GHG) is contributed to global warming by Carbon 
dioxide. The growing consumption of nonrenewable fossil fuels are large emissions of Carbon 
dioxide into the atmosphere. In order to limit these emissions and decrease their negative effect on 
the environment, development of Carbon dioxide capture and storage (CCS) technologies is 
necessary Carbon dioxide capture is usually discussed in the context of absorb Carbon dioxide from 
large point sources, such as flue gases from industries and coal-fired power plants. For small 
distributed sources of Carbon dioxide, i.e. transport vehicles, capture at the emission source is not 
advantageous from the practical point of view. Therefore, capturing CO2 directly from the 
atmosphere (“air capture”) is generally under consideration as an option for stabilizing global 
carbon dioxide concentrations. One of the potential advantages of airborne carbon dioxide capture 
devices is that they can be placed close to a carbon dioxide sequestration or recycling center for 
greater flexibility than source point capture. It should also be noted that if renewable energy is used 
to drive the process, direct capture of CO2 from the air can be "carbon negative." In the future, 
carbon dioxide captured from ambient air may be used as a valuable raw material for the production 
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of fuels or other chemical products. [1] 
 
2.2  Carbon dioxide capture and recycling methods  
Today, several different methods are used to capture and remove carbon dioxide from flue gases 
and exhaust gases. Available methods can be divided into physical and chemical methods. 
 
2.2.1  Physical methods  
In general, the physical principles of physical methods, such as adsorption, desorption and 
boiling point of materials, can be used to treat large amounts of flue gas from fossil fuel power 
plants.  
2.2.2  Chemical methods  
This method is different from physical methods and can be widely used commercially. The 
adsorbent can react with carbon dioxide to achieve carbon dioxide recovery. Then, a reversible 
reaction is carried out using a regenerated adsorbent. Chemical methods are an effective technique 
for capturing carbon dioxide. The advantages of this method apply to low carbon dioxide pressures. 
The process includes amine-based absorption, ammonia washing and oxidative carbonation.  
 
2.3 Alkali metal sorbents  
Reddy and Smirniotis studied a number of calcium oxide-based alkaline adsorbents that 
synthesize, characterize, and test the adsorption of selected gas mixtures of carbon dioxide and 
simulated flue gas. Figure 2-1 shows the carbon dioxide adsorption capacity of 20 wt % alkali 
metal ( Li, Na, K, Ru, and Cs ) loaded CaO for a mixture of 20 vol % carbon dioxide in helium at 
323 K. The best feature of this family of sorbents is their basic nature, which allows for the 
selective chemisorption of carbon dioxide. These unique properties of this range of adsorbents offer 
high promise for the development of advanced industrial adsorbents that effectively remove carbon 
dioxide. The performance of the alkali metals as dopants on CaO follows the order Li < Na < K < 
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Ru < Cs, which reveals a strong relationship between the sorption characteristics and the increase of 
the electro positivity or equivalently atomic radii of the alkali metals. 
 
 
Figure 2-1.  CO2 adsorption on CaO doped with alkali-metal chlorides at 50°C. Conditions: 
concentration of CO2 = 99.999%; flow = 50 mL/min  
( 20 mL of 99.999% + 30 mL of He as purge as gas ) [4] 
 
2.3.1  Li-based sorbents  
Ida and Lin [2] indicated that lithium zircon ate (Li2ZrO3) is one of the most promising 
materials for carbon dioxide separation from flue gas at high temperature. This material is known to 
absorb large amounts of carbon dioxide around 673-973K. Figure 2-2 shows an XRD analysis of 
the phase and structure changes of the reaction between lithium zircon ate and carbon dioxide 
during adsorption/desorption. reversible. In this study, pure lithium zircon ate absorbs a large 
amount of carbon dioxide at high temperatures, and the adsorption rate is slow. The addition of 
potassium carbonate and lithium carbonate to lithium zircon ate significantly increases the carbon 
dioxide adsorption rate of the lithium zircon ate material. Lithium zircon antes, Li2ZrO3 and 
Li6Zr2O7, were synthesized by solid-state reaction [3]
 . The materials absorbed carbon dioxide at 
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around the same temperature, 723-923 K. Still, Li6Zr2O7 absorbed four times more carbon dioxide 
than Li2ZrO3. Furthermore, the carbon dioxide adsorption rate of Li2ZrO3 is much slower than 
Li6Zr2O7 in a short time. Obviously, at the beginning of the absorption process, as expected, more 
lithium in the Li6Zr2O7 sample reacted with carbon dioxide, although the adsorption rates of the two 
ceramics became similar over time. 
 
 
Figure 2-2.  Changes of XRD patterns of the lithium zircon ate by carbon dioxide sorption and 
desorption [2] 
 
2.3.2  Na-based sorbents 
Heda et al. [5] pointed out that the thermal decomposition of sodium bicarbonate was studied 
under different atmospheres (nitrogen, air and carbon dioxide) with different heating rates to 
characterize the material. Various non-isothermal kinetic analysis methods were used to estimate 
Arrhenius kinetic parameters, activation energy and frequency factors. It is shown that the most 
likely reaction mechanism under dry nitrogen and air is the first-order deceleration mechanism, 
while the carbon dioxide is the Avrami-Erofeev equation, n = 1.5. Thermo gravimetric and 
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derivatization thermo gravimetric analysis were used to compare the solid state reactivity of 
different sodium bicarbonate samples. 
The important reactions involved in the capture of carbon dioxide using sodium carbonate as [6]:  
Na2CO3 (s) + CO2 (g) + H2O (g)         2NaHCO3 (s)                        (2-1)  
ΔH = -135  kJ/mol  Na2CO3  
Na2CO3 (s) + 0.6CO2 (g) + 0.6 H2O (g)         0.4 [ Na2CO3‧ 3NaHCO3 ] (s)      (2-2) 
ΔH = -82  kJ/mol   Na2CO3                                           
The product of the Equation (2-1) is known as Wegscheider’s salt or Wegscheiderite. Both 
reactions are reversible and highly exothermic, so energy management will be an important 
consideration in commercial systems. 
Liang et al. [6] studied the capture of carbon dioxide from simulated flue gas using a 
renewable sodium carbonate adsorbent in a fixed bed reactor. Figure 2-3 shows that carbon dioxide 
capture is effective over a temperature range of 333-353 K, while regeneration occurs at 393-673 K. 
Equivalent amounts of carbon dioxide and water vapor are produced during the regeneration of the 
adsorbent, and pure carbon dioxide suitable for use or sequestration is available after condensation 
of the water vapor. Up to 90% of the carbon dioxide can be captured under the appropriate reaction 
conditions. 
Finally, the differences in other carbon dioxide capture processes depicted by different 
precursors were investigated using sodium-based adsorbent carbonation and calcinations cycles, as 
shown in Table 2-1. 
 
2.3.3  K-based sorbents  
An effective chemical absorption process has been proposed which is capable of performing a 
circulating fixed bed operation under humid conditions to recover carbon dioxide from flue gas 
using potassium carbonate-carbon. Hayashi et al. Among various alkali metal carbonate ( X2CO3, X 
= Li, Na, K ) formulations on a variety of materials, potassium carbonate activated carbon exhibits 
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excellent properties for the purposes of the present invention. 
 
Figure 2-3  The effect of temperature on the carbonation reaction   [6] 
 
Table 2-1: The difference of carbon dioxide capture processes with sodium-based sorbents 
Sample Support Carbonation 
(K) 
Calcinations 
(K) 
Operation apparatus References 
NaHCO3 – – – – 373-453 TG/DTA [5] 
NaHCO3 CaCO3 ﹤1073 1173-1213 TGA [8] 
Na2CO3 – – 333-353 393-473 TGA and Fixed bed [6] 
NaCl , NaOH 
and Na2CO3 
CaO 323-973 1023 TGA [9] 
13C NMR. – – ﹤353 353-425 TGA, GC and  
Fixed bed 
[10] 
Na2CO3 Support 323-343 408-573 GC and  
Fluidized bed 
[11] 
NaOH CaO 588 973 DSC, TGA  [11] 
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and Fixed bed 
 
Yi et al. [12] reported that the performance of carbon dioxide capture of a potassium based 
drysorbent of KX40 was investigated in a dual circulating fluidized bed process. The dual 
circulating fluidized bed process consisted of a carbonation reactor and a regeneration reactor. It 
was operated in the continuous solid circulation mode between a fast fluidized bed regenerator. As 
solid circulation rate increased from 7 to 36 kg/m2/s, the carbon dioxide removal of the potassium 
sorbent increased from 25% to 55% and the mean void age was maintained from 0.99 to 0.94 
representing the dilute phase in fluidization regime.  
Potassium carbonate supported on an activated carbon has been proposed as an efficient sorbent 
to remove carbon dioxide from flue gases, and even moisture in the feed gases had no influence on 
the carbon dioxide sorption [13]. By the temperature swing operation of a fixed bed, the 
carbondioxide recovery was achieved as follows: carbon dioxide in moist flue gases at around 363 
K was sorbent by the potassium carbonate sorbent, followed by steam flushing at 433 K to release 
the carbon dioxide, and then cooling the sorbent for the next carbon dioxide sorption. As shown in 
Table 2-2, the applicability of K2CO3-on-AC sorbent was used in the commercial-scale carbon 
dioxide recovery plant. 
Table 2-2: Specifications of commercial-scale carbon dioxide recovery plant [13]. 
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Lee et al. [14] used potassium-based sorbents that they were prepared by impregnation with 
potassium carbonate on supports such as activated carbon (AC), TiO2, Al2O3, MgO, SiO2 and 
various zeolites . The carbon dioxide capture capacity and regeneration property were measured in 
the presence of water in a fixed-bed reactor, during multiple cycles at various temperature 
conditions (carbon dioxide capture at 333 K and regeneration at 403-673 K). Figure 2-4 shows the 
total carbon dioxide capture capacities of sorbents such as K2CO3/AC, K2CO3/Al2O3, K2CO3/ MgO 
and K2CO3/TiO2, as a function of cycle number.  
 
2.4  Alkaline-earth sorbents  
Reddy and Smirniotis [16] use commercially available carriers such as alkaline earth metal 
oxides. The adsorption equilibrium isotherms of carbon dioxide at 873 K for MgO, CaO and BaO 
are shown in Figure 2-5 for comparison under the same conditions. The results show that the 
amount of carbon dioxide adsorbed on MgO and BaO is very low, while on CaO, it is close to 12 wt% 
by weight in 70 minutes. The results of the adsorption equilibrium further indicate that at this 
temperature, the adsorption of carbon dioxide on the MgO and BaO adsorbent supports is 
practically negligible without any chemical modification of the surface. 
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Figure 2-4.  The total carbon dioxide capture capacities of various sorbents as a function of cycle 
number (absorption at 333 K and regeneration at 673 K)   [15] 
 
 
 
Figure 2-5. Carbon dioxide adsorption on different supports at 873 K. Conditions: concentration of 
carbon dioxide = 99.999%; Flow rate = 50 mL/ min ( 20 mL of 99.999% + 30 mL  
of He as purge as gas ) [16] 
 
2.4.1  Mg-based sorbents  
At the temperature range of 673-800 K, Ficicilar and Dogu [17] studied the carbon dioxide 
adsorption rate parameters and adsorption capacity of hydrocalcite adsorbents in a fixed bed flow 
adsorbed. In the temperature range between 723 K and 773 K, the total adsorption capacity of 
carbon dioxide is as high as 1.16 mmol / g, and the breakthrough capacity is about 0.70 mmol / g, 
which is quite attractive, even higher than many carbon dioxide adsorption capacities reported in 
the literature. 
2.4.2  Ca-based sorbents  
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Gupta and Fan [18] used high surface area calcium oxide sorbents, which synthesized 
precipitated calcium carbonate (PCC) by wet precipitation. The pores of PCC were mainly in the 
mesoporous range (5-20 nm). The calcium oxide adsorbent obtained from PCC (PCC-CaO) is less 
sensitive to the plug gauge and has a conversion of over 90%. PCC-CaO is also capable of 
maintaining its high reactivity (> 90%) in two carbonation- calcination cycles. 
Roesch et al. [19] developed a new type of adsorbent for reducing the carbon dioxide 
emissions at high temperatures. It focuses on cerium-doped calcium oxide sorbents with flue gas 
over a wide temperature range. The adsorbent calcined under an oxygen atmosphere causes the 
formation of super cerium oxide ( CsO2 ) on the surface of the adsorbent. The main reactions are as 
follows: 
Chemisorptions:  
CaO + CO2         CaCO3                                                     (2-3) 
Cs2O + CO2      Cs2CO3                                       (2-4) 
Desorption: 
CaCO3        CaO + CO2                                                           (2-5) 
Cs2CO3      Cs2O + CO2                                       (2-6) 
TGA data for an adsorbent having 20 wt % ruthenium supported on calcium oxide indicated a 
carbon dioxide adsorption uptake of 66 wt % CO2 / g adsorbent. In the presence of water vapor, the 
absorption of carbon dioxide is increased to a maximum capacity of 77 wt % CO2 / g adsorbent. The 
reason for this behavior is that water vapor penetrates into larger particles to form a porous type of 
adsorbent material. 
On the other hand, the separation method is focused on calcium oxide sorbent for its use in a 
calcinations/carbonation reaction for the separation of carbon dioxide from waste gas. Calcium 
oxide has been identified to be one of the best candidates for carbon dioxide capture in 
zero-emission power generation systems [20].  
Another, calcium oxide sorbent suffered a well-known problem of loss-in-capacity when its 
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capacity of carbon dioxide capture decreases after it undergoes cycles of calcination /carbonation. 
For increased its capacity of carbon dioxide, a carbon dioxide absorbent was fabricated via 
application of a wet impregnation method and the use of γ-alumina and CaCl2 as the raw materials. 
Feng et al. [20] proposed the method of fabricating a CaO-based adsorbent without the problem of 
loss-in-capacity. It was shown that the sorbent attained a utilization efficiency of more than 90% 
after 9 cycles of calcination /carbonation.  
 
2.5  Thermogravimetry-differential thermal analysis (TG-DTA) 
Thermogravimetry Analysis (TG) is an important laboratory method for material characterization 
used to characterize materials used in a variety of environmental, food, pharmaceutical, and 
petrochemical applications [20].  
TGA is commonly used to determine selected characteristics of materials that exhibit mass loss or 
gain due to decomposition, oxidation, or loss of volatiles. Common applications of TGA are (1) 
material characterization by analyzing the characteristic decomposition mode, (2) degradation 
mechanism and reaction kinetics study, (3) determination of organic matter content in the sample, 
and (4) determination of inorganic content in the sample. 
Thermo gravimetric analysis measures the mass change of a sample by monitoring the 
temperature or time in nitrogen, helium, argon, oxygen, other gases or vacuum. The TGA 
instrument consists mainly of a sample pan, a precision balance and a furnace. When the sample 
needs to be heated or cooled during the experiment, the sample pan is supported by a precision 
balance and resides in the furnace [21]. 
TG instruments can be divided into two general types, such as vertical and horizontal balance, 
depending on the direction of balanced accuracy supported. The vertical balance instrument has 
only one sample tray suspended above the balance or above the balance on the sample rod to 
compensate for the buoyancy effect due to temperature changes in the purge gas density. In contrast, 
horizontal balance instruments typically have two pans (samples and references) and can perform 
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differential thermal analysis (DTA) measurements without buoyancy effects [22]. 
DTA is used to record the temperature difference between the reference pan and sample pan. 
During TG-DTA measurements, qualitative and quantitative analysis can be performed by studying 
various reactions and interactions between a sample and special atmosphere. Also reaction 
mechanisms can be examined and analyzed on the base of TG-DTA curves variation. Consequently, 
in the dissertation, the capacity, exothermic properties and kinetics of CO2 capture in K2CO3 and 
Na2CO3 are obtained by TG-DTA measurements. 
 
2.6  X-Ray Diffraction (XRD) 
X-rays are electromagnetic radiation of a wavelength that is about the same size as an atom. If we 
can detect the atomic distance, this can accurately provide the structural information we need. 
Generally, X-rays are generated by bombarding a metal target (Cu or Mo) with a high-pressure 
accelerated electron beam emitted from heated fibers (tungsten). If the incoming electrons are 
energetic enough, the electron beam can electronize the electrons from the K-shell (1s) of the target 
atom, resulting in vacancies. In order to achieve a lower energy state, Atom will fill these vacancies 
by electrons falling from the L ( 2P ) or M ( 3p ) shell. In this process, the difference between the 
electron energies of the K shell and the L or M shell is emitted in the form of characteristic X-rays. 
Usually, two lines (Kα1 and Kα2) of different energies in Kα are generated between the K shell and 
the L shell, and a line (Kβ) is generated between the K shell and the M shell [23].  
The interaction of X-rays with matter is mainly absorption and scattering. In particular, as one of 
the X-ray scattering phenomena, X-ray diffraction is such that the atomic plane of the substance 
causes the X-ray incident beams to interfere with each other when leaving the crystal [24]. X-ray 
diffraction can be explained by Bragg's law. 
2dsinθ= nλ                                              (2-7) 
Here, d is the distance between atomic layers in a crystal; θ is angle of incidence of reflect 
X-ray beam; λ is the wavelength of the incident X-ray beam; n is an integer.  
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X-ray diffraction is one of the most important techniques for characterizing crystal structure 
and crystallite size. Each crystalline solid has its own unique X-ray powder pattern. Once the 
material is identified, X-ray crystallography can be used to determine its structure [23]. The crystal 
structure was confirmed from the XRD pattern, and the crystallite size can be quantified using the 
Scherer equation based on XRD data. 
  The crystal structure of the product was measured by XRD ( MAC Science, M03XHF ) for CO2 
or H2O from the ambient atmosphere. Using CuKα radiation (40 kV, 25 mA, λ = 0.15406 nm) was 
obtained at room temperature in the range of 25 to 45° (2θ) . Powder XRD pattern. 
 
2.7  Multi-step CaO solution for CO2 precipitation 
In the carbon dioxide capture process, measuring the carbon dioxide absorption of composite 
materials is complicated, and sometimes using TG-DTA experiments can overestimate the ability of 
carbon dioxide capture because porous materials may prefer to absorb carbon dioxide to carbon 
dioxide. So I used a CaO solution to verify the CO2 adsorption. Calcium oxide (CaO), commonly 
referred to as quicklime or quicklime, is a widely used compound. It is a white, alkaline, basic 
crystalline solid at room temperature. CaO  is hardly soluble in water, and the water temperature is 
low and the solubility is high. The reaction has been shown as Equations  (2-4) and  (2-5): 
CaO (s) + H2O (l) → Ca(OH)2  (aq)                                (2-8) 
First, a saturated calcium hydroxide solution is prepared by adding excess calcium oxide to 
water, and filtering the white precipitate helps dissolve residual CaO. 
Ca(OH)2  (l) + CO2 (g) → CaCO3 (s) + H2O  (l)                    (2-9) 
Calcium hydroxide solution has been used to capture CO2, which is released from the 
composite after carbonation by TG-DTA experiments. The precipitate is then carefully weighed. I 
designed the device for this process, as shown in Figure 2-6, using multiple steps to fully absorb 
[25]. 
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Figure 2-6  The device of multi-steps CaO solution for CO2 precipitation 
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Chapter 3  Preparation of Na2CO3 – Carbon Nanocomposite and its 
CO2 capture 
3.1  Introduction 
The unprecedented phenomena of global warming, which has been a controversial issue in 
recent years, and climate change have triggered global efforts to reduce the atmospheric 
concentration of carbon dioxide (CO2). Therefore, both carbon dioxide capture and storage (CCS) 
are considered significant strategies for achieving CO2 emission reduction targets [1]. In particular, 
CO2 capture is a major step in controlling greenhouse gas emission from various industrial sources, 
including refineries, power plants and cement industries. Various post-combustion capture routes, 
such as modified amine absorption, solid-based adsorption and membrane separation, are being 
evaluated with respect to efficiently capturing CO2 in a cost-effective manner. These processes have 
inherent advantages and disadvantages with respect to the reversibility of the adsorption, 
recyclability of sorbents and adsorption efficiency. Unlike absorption processes that use a liquid 
absorbent, a solid sorbent is used here to bind CO2 on its surfaces. A large specific surface area, 
high selectivity and high regeneration capacity are the main sorbent selection criteria. Typical 
sorbents include molecular sieves, activated carbon, zeolites , calcium oxides, hydro calcites and 
lithium zircon antes [1]. 
Thus, CO2 capture using dry regenerated sorbent has attracted significant research attention in 
recent years due to its lower energy requirements and other unique properties compared to other 
approaches that have been popular for capturing CO2 as efficiently as possible [1].  
Alkali metal carbonate sorbents have attracted attention with respect to CO2 capture over the 
past several years [2-6]. With its high occlusion capacity and low cost, Na2CO3 has been extensively 
studied as a CO2 sorbent under moist conditions at 0.1 Map and above 313 K [7-12]. The humidity 
plays a crucial role with regard to the amount of CO2 occlusion and the overall reaction rate. As the 
H2O concentration increase, the rate and amount of CO2 occlusion increased [9-12].  
However, Na2CO3-based sorbents are associated with serious problems including slow reaction 
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rates and high energy costs for sorbent regeneration [6]. The temperature also significantly affects 
CO2 capture. Most studies on the CO2 capture of Na2CO3-based sorbents were performed using a 
thermo gravimetric analyzer, and several fixed-bed and fluidized-bed reactors, where the flue gas 
was simulated with 5%–10% CO2 with 10%–20 % H2O at relatively high temperatures (323–353 K) 
under atmospheric pressure [13-15]. In many studies on the CO2 sorption of Na2CO3 under moist 
conditions, it was found that Na2CO3 decomposed from NaHCO3 performed better in CO2 capture, 
whereas Na2CO3 and Na2CO3•H2O hardly reacted with CO2 [13-15]. When the flue gas contained 8% 
CO2 with 16% H2O in helium, Na2CO3 decomposed from NaHCO3 could be converted to 
Na5H3(CO3)4 via reactions (1–2) at 343 K and above, whereas NaHCO3 was formed via reaction (1) 
below 343 K. The relevant reactions are: [6]. 
Na2CO3(s) + CO2(g) + H2O(g) ⇆ 2NaHCO3(s) (3-1) 
5Na2CO3(s) + 3CO2(g) + 3H2O(g) ⇆ 2Na5H3(CO3)4(s) (3-2) 
where the forward, exothermic reactions (3-1) and (3-2) represent the bicarbonate and 
Wegscheider’s salt formation of Na2CO3, respectively, corresponding to theoretical CO2 capture 
amounts by Na2CO3 of 9.43 and 5.66 mmol·g
−1, while the reverse endothermic reactions are the 
decomposition of NaHCO3 and Na5H3(CO3)4, respectively. These results indicate that a lower 
temperature favors bicarbonate formation. 
In the present study, to obtain a novel material with a high energy efficiency as a CO2 sorbent, a 
sodium carbonate-carbon nanocomposites was prepared from terephthalic acid and NaOH and the 
CO2 occlusion properties of the obtained substance were studied under moist conditions. Compared 
with bulk sodium carbonate, this research focuses on exploring new ways to improve the CO2 
capacity, reaction rate and regeneration temperature. 
 
3.2  Experimental section 
3.2.1  Sample preparation 
Terephthalic acid (95.0%, Wako Pure Chemical Industries, Ltd., Japan) and NaOH (97.0%, 
Wako Pure Chemical Industries, Ltd., Japan) were used as reactants. The required amounts of 
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NaOH (8.01g) and terephthalic acid (16.62g) were initially dissolved in 200ml deionized water and 
stirred for 1 h. The solution was placed on an electric hot plate and heated at 353 K until dry, and 
the obtained powder was calcined at 873 K for 2 h in a muffle furnace in a pure N2 atmosphere (100 
cm3·min–1). The resultant, Na2CO3-based sorbents, were designated as Na2CO3-C-NC. 
 
3.2.2  Thermal decomposition and regeneration  
The first thermal decomposition of Na2CO3-C-NC and its regeneration after NaHCO3 formation 
(CO2 capture under moist conditions) were analyses by the thermogravimetry-differential thermal 
analysis (TG–DTA; Shimadzu, DTG-60AH). Na2CO3-C-NC (25, –50 mg) was heated at 10 K·min
−1 
from 313 to 473 K to form a Na2CO3–carbon nanocomposites in an atmosphere of pure N2 at 100 
cm3·min−1; this was then maintained under these conditions for 20 min to complete the 
decomposition. Subsequently, the temperature was reduced to 313 K at −10 K·min−1 and this was 
maintained for 30 min in a N2 atmosphere. 
 
3.2.3  CO2 capture under moist conditions 
The obtained samples were processed with a TG-DTA apparatus using a gas mixture of CO2 and 
H2O gases (v/v 98.2:1.8) at a flow rate of 100 cm
3·min−1 at a temperature of 313 K for 10 h. 
 
3.2.4  CaO solution–precipitation method 
A CaO solution–precipitation method was used to accurately determine the net amounts of CO2 
captured by Na2CO3-C-NC [16]. A solution of CaO was prepared by dissolving 0.3 g of CaO in 100 
cm3 distilled water. Insoluble precipitate was filtered to yield a saturated solution. The clear solution 
was bubbled with N2 gas to remove CO2 dissolved from the air. CO2-containing Na2CO3-C-NC, 
which captured CO2 under moist conditions in the TG–DTA chamber at 313 K, was heated at 573 K, 
and the desorbed CO2 was recaptured by the CaO solution, resulting in the immediate formation of a 
white CaCO3 precipitate. This was weighed after filtering and drying. The amount of desorbed CO2 
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was calculated according to the chemical reaction between CaO and CO2. 
 
3.2.5  Crystal structure and morphology characterization 
The crystal structures of the products after NaHCO3 formation were characterized by X-ray 
diffraction (XRD; MAC Science, M03XHF) under vacuum to avoid CO2 or H2O occlusion from the 
ambient atmosphere. Powder XRD patterns were obtained in the 2θ range 10°–70° using Cu Kα 
radiation (40 kV, 25 mA, and λ = 0.15406 nm) at room temperature. The morphologies of the 
Na2CO3-C-NC particles before and after CO2 capture were observed after the different reaction 
times by scanning electron microscopy (SEM; JEOL, JSM-6510A). 
 
3.3  Results and discussion 
3.3.1  Characterization of Na2CO3-C-NC 
As shown in Figure 3-1, XRD peaks of Na2CO3-C-NC were assigned mainly to Na2CO3, 
although a broad peak of a carbon material was also observed in the 2θ range from 16° to 30°. 
Na2CO3 powder normally reacts with CO2 and H2O in the atmosphere to form NaHCO3. However, 
as Na2CO3-C-NC is surrounded by hydrophobic carbon, this reaction may not proceed, leading to 
the absence of NaHCO3. 
 
Figure 3-1  XRD patterns of Na2CO3-C-NC (a), Na2CO3 (b), and NaHCO3 (c). ▲: Na2CO3 
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Figure 3-2 shows Raman spectra of Na2CO3-C-NC, Na2CO3-C-NC after NaHCO3 formation 
(CO2 capture with H2O) (first and second cycles) and NaHCO3. The Raman spectra of 
Na2CO3-C-NC and Na2CO3-C-NC after NaHCO3 formation show defective graphitic carbon, as 
characteristic D and G bands are seen at about 1350 and 1580 cm−1. Na2CO3-C-NC is probably a 
composite of Na2CO3 and carbon according to the XRD and Raman results. The Raman peak of 
NaHCO3 was not observed in the spectrum of Na2CO3-C-NC after NaHCO3 formation; however, 
this may be due to the peak intensity being too small.  
 
 
Figure 3-2  Raman spectra of Na2CO3-C-NC (a), Na2CO3-C-NC after the first CO2 capture with 
H2O (b), Na2CO3-C-NC after the second CO2 capture with H2O(c), and NaHCO3 (d) 
 
The amount of Na2CO3 contained in Na2CO3-C-NC was determined by TG–DTA, where the 
samples were heated to 1,273 K (Figure 3-3). The initial weight loss was assigned to desorption of 
physically adsorbed water from the solid surface of Na2CO3-C-NC with decomposition of a small 
amount of NaHCO3 below about 550 K, and the steep decrease at 580 K was attributed to 
combustion of the carbon of Na2CO3-C-NC. Since the decomposition temperature of Na2CO3 is 
1,017 K, the Na2CO3 phase exists stably in the plateau region from 900 K to 1,100 K of Figure 3-3 
(right). The Na2CO3 content was estimated at 53.2 wt% of Na2CO3-C-NC from the weight at 900 K. 
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Figure 3-3  TG curves of Na2CO3-C-NC in nitrogen and oxygen (20:80 v/v) with a flow rate of 
100 milkman −1 Left: weight (black line) and temperature (red line)   
Right: weight vs. Temperature curve 
 
3.3.2  Thermal decomposition and NaHCO3 formation (CO2 capture with H2O)   
Figure 3-4 shows a TG curve of Na2CO3-C-NC in nitrogen atmosphere. As shown in Figure 
3-3, the first weight loss of 2.05% was found in the temperature range between 303 and 313 K. This 
was attributed to the loss of weakly adsorbed water after Na2CO3-C-NC preparation. The weight 
loss of 6.65% between 340 and 400 K was attributed to decomposition of a small amount of 
NaHCO3 present in Na2CO3-C-NC, which forms Na2CO3 according to reaction (3-3). 
  
2NaHCO3 → Na2CO3 + H2O + CO2↑ (3-3) 
 
Figure 3-4  TG curves of Na2CO3-C-NC at a rate of 10 K·min
−1 in nitrogen atmosphere with a 
flow rate of 100 mL·min−1 
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Figure 3-5  TG curve for CO2 capture with H2O and regeneration after pretreatment of 
Na2CO3-C-NC at 473 K in N2 gas for 20 min 
After treatment at 473 K, Na2CO3-C-NC captured CO2 with water vapor at 313 K. The 
CO2-containing Na2CO3-C-NC was then regenerated at 473 K for 20 min in N2 gas. The CO2 
capture was repeated. 
 
The TG curve in Figure 3-5 shows the initial thermal decomposition, as shown in Figure 3-4, 
with subsequent NaHCO3 formation from the heat-treated Na2CO3-C-NC at 313 K in CO2 
containing water vapor at a flow rate of 100 cm3·min−1. The weight increases (%) correspond to the 
conversion of Na2CO3 to NaHCO3 by occlusion of CO2 and H2O. The formation of NaHCO3 
reached equilibrium after 300 min for the first cycle and 98 min for the second cycle. Thus, the 
second cycle is much faster than the first. During the initial heat treatment, the weight decrease was 
smaller because Na2CO3-C-NC a low NaHCO3 content as mentioned earlier. However, the weight 
gradually increased by about 30 % due to subsequent NaHCO3 formation. The CO2-containing 
Na2CO3-C-NC was then regenerated by heat treatment at 473 K in N2 gas. In this case, the weight 
decreased to the same value as that after the initial heat treatment. The thermal decomposition of 
CO2-containing Na2CO3-C-NC was found to be highly reversible. The CO2 capture was repeated 
and the weight increased to the same level as before, although the reaction rates were different. The 
CO2 capture also appears to be reversible. 
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Figure 3-6  XRD patterns of Na2CO3-C-NC before and after CO2 capture with H2O 
●: NaHCO3, ▼: Na2CO3.  a: After first decomposition, b: After first CO2 capture with H2O, 
 c: After second decomposition, d: After second CO2 capture with H2O. 
 
The phase change of the solid was determined from XRD patterns of Na2CO3-C-NC before and 
after NaHCO3 formation as shown in Figure 3-6. After the heat treatment, Na2CO3-C-NC formed 
Na2CO3 with evolution of CO2 and H2O, while NaHCO3 was also the main phase after the first and 
second CO2 capture reactions. Thus, reactions (3-1) and (3-3) appear to proceed reversibly. The 
reactions were also examined by TG measurement as described below. 
 
 
Figure 3-7  TG curve for CO2 capture and regeneration after pretreatment of bulk NaHCO3 at 473 
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K for 20 min. The heat treatment and CO2 capture were repeated twice, as in Figure 3-5. 
Figure 3-8  TG curves for the regeneration after the first CO2 capture of Na2CO3-C-NC (a) and 
the thermal decomposition of NaHCO3 (b) 
 
Figure 3-7 shows a TG curve of the thermal decomposition of bulk NaHCO3 at 473 K in N2 gas 
for the initial weight loss and subsequent CO2 capture (NaHCO3 formation) with a weight increase. 
The thermal decomposition and CO2 capture were repeated twice. The bulk NaHCO3 showed a 
weight loss to 63.1%, which is the theoretical value according to reaction (3-3). As the second 
weight loss gave almost the same value, the thermal decomposition of NaHCO3 proceeded 
stoichiometrically . However, the process of CO2 capture changes depending on the experimental 
conditions, such as temperature, CO2 pressure and humidity, as reported before [6]. As shown in 
Figure 3-7, CO2 capture by the bulk NaHCO3 reached equilibrium after 140 min for the first cycle 
and 280 min for the second. Thus, although the first cycle for the bulk Na2CO3 indicated a faster 
reaction rate than that for the second, Na2CO3-C-NC showed the opposite tendency, as shown in 
Figure 3-5. The kinetic aspects will be discussed later
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Figure 3-9  CO2 capture curves under moist conditions. CO2 flow rate was 100 cm
3·min−1.  
a: Na2CO3 (first), b: Na2CO3 (second), c: Na2CO3-C-NC (first), d: Na2CO3-C-NC (second) 
 
Figure 3-8 shows TG curves for the regeneration after the first CO2 capture of Na2CO3-C-NC 
and the thermal decomposition of bulk NaHCO3. The initial small weight losses for the two samples 
were observed in the temperature range between 310 and 380K. The losses were attributed to 
weakly adsorbed water on the solid surface after Na2CO3-C-NC preparation. The second weight 
losses were seen in the temperature range between 380 and 460K. These are due to the 
decomposition of NaHCO3 to Na2CO3. The CO2-containing Na2CO3-C-NC started to decompose at 
387 K, while the bulk NaHCO3 did so at 395 K. Thus, Na2CO3-C-NC decomposed at about 10 K 
lower than did bulk NaHCO3. This is probably due to nanostructure formation in the NaHCO3 
composite with the carbon material. 
From the TG curves for the CO2 occlusion in Figures 3-5 and 3-7, n (mol), which is the total 
amount of captured CO2, was obtained according to reaction (3-1) under moist conditions. The 
total CO2 capture capacity (AC (g-CO2·(g-sorbent)
−1)) was then calculated as follows: 
2CO
C
nM
A
m
  (3-4) 
where 
2CO
M (g·mol−1) is the molar mass of CO2 and m (g) is the mass of the sorbent. The CO2 
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capture curves are shown in Figure 3-9 for the CO2 capture of bulk Na2CO3 and Na2CO3-C-NC. The 
bulk Na2CO3 reached equilibrium with a CO2 capture of 0.351 g-CO2/g after 130 min for the first 
cycle and 0.330 g-CO2/g after 250 min for the second cycle. Conversely, the Na2CO3-C-NC system 
reached equilibrium with a CO2 capture of 0.224 g-CO2·g
−1 after 350 min for the first cycle and 
0.228 g-CO2·g
−1 after 85 min for the second cycle. Based on the capture kinetics, Na2CO3-C-NC 
exhibited a faster reaction rate than that of bulk NaHCO3 in the second cycle. 
The CO2 capture of the bulk NaHCO3, about 0.330 or 0.351 g-CO2·g
−1 for the second cycle, is 
79.5% or 84.6% of the theoretical value, 0.415 g-CO2·g
−1, representing a remarkably high capacity. 
The CO2 capture capacities of Na2CO3-C-NC are summarized in the second column of Table 3-1. 
The CO2 capture of 0.228 g-CO2·g
−1, is relatively high, although the Na2CO3 content was estimated 
as 53.2%. The net capacities were calculated for each value and these are shown in parentheses. The 
capacities of the first and second cycles are slightly higher than the theoretical value. This may be 
because the values obtained from the TG-DTA data are based on reaction (3-1) and the Na2CO3 
content is estimated as 53.2%. If CO2 was sorbet via reactions other than reaction (3-1), such as the 
formation of hydrate or hydrogen carbonate, the value could be greater than the theoretical value. 
The CaO solution-precipitation method was performed to estimate the net CO2 uptake by the 
CO2 capture of Na2CO3-C-NC. The results are shown in the right column of Table 3-1, which 
indicates CO2 capture capacities of 0.228 g-CO2·g
−1 for the first cycle and 0.219 g-CO2·g
−1 for the 
second cycle. Although the CO2 capture amounts are slightly lower than those obtained from the TG 
measurements, these are believed to be real values of CO2 captured by Na2CO3-C-NC. Thus, 
Na2CO3-C-NC exhibited almost ideal CO2 capture according to reaction (3-1). 
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Table 3-1  CO2 capture capacity 
Composite 
TG–DTA 
AC/g-CO2·g
−1 
Theoretical value 
AC /g-CO2·g
−1 
CaO soln–ppt 
AC /g-CO2·g
−1 
1st Na2CO3-C-NC 0.224 (0.421) 
0.415 
0.228 (0.429) 
2nd Na2CO3-C-NC 0.228 (0.429) 0.219 (0.411) 
 
*The values in parentheses are net values when the net contents of Na2CO3 (53.2 wt%) 
are considered. 
 
3.3.3  Kinetic study  
The CO2 capture kinetics, which control the CO2 capture rate and also represent the reaction 
efficiency, are expected to provide information about the underlying mechanisms of the reaction 
and the optimum conditions for a pilot-scale process. Kinetic data for the CO2 capture were 
obtained from the time course of the CO2 capture shown in Figure 3-9. When the total mass of 
Na2CO3-C-NC at time t is mt  (mg·g
−1) and the saturated mass after equilibration is me (mg·g
−1), 
the kinetic parameters are analyzed using the pseudo first-order equations: [17-18].  
 1 ktt em m e    (3-5) 
ln 1 t
e
m
kt
m
 
   
 
 (3-6) 
where k is the pseudo first-order rate constant (min−1). The plot for the model is shown in 
Figure 3-10. For the initial 10 to 30 min of the time course in Figure 3-9, the left side of equation 
(3-6) was plotted versus time and the rate constant k was obtained from the slope of each straight 
line. The results are summarized in Table 2-2. The second cycle of the CO2 capture of 
Na2CO3-C-NC (k=3.8 × 10
−2 min−1) was much faster than the first for Na2CO3-C-NC and both the 
first and second ones for bulk Na2CO3, although the first for Na2CO3-C-NC was the slowest. It is 
worth noting that the CO2 occlusion reaction of the bulk sample shows the opposite tendency to that 
of Na2CO3-C-NC because the second cycle for the bulk sample is slower than that for the first. This 
51 
 
may be because the powder particles of the bulk sample can be stabilized by sintering with each 
other, but Na2CO3 in Na2CO3-C-NC cannot do this in the composite. This is another effect of the 
composite formation. 
 
 
 
 
 
Figure 3-9  CO2 capture curves under moist conditions. CO2 flow rate was 100 cm
3·min−1.  
a: Na2CO3 (first), b: Na2CO3 (second), c: Na2CO3-C-NC (first), d: Na2CO3-C-NC (second)
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Table 2-2  Kinetic rate constants of two cycles of CO2 capture 
  k / min−1 
bulk Na2CO3      First cycle 2.0 × 10
−2 
bulk Na2CO3      Second cycle 1.5 × 10
−2 
Na2CO3-C-NC     First cycle 7.4 × 10
−3 
Na2CO3-C-NC     Second cycle 3.8 × 10
−2 
 
3.3.4  Multi cycles of CO2 capture 
Figure 3-11 shows TG curves representing ten cycles of the thermal 
decomposition and CO2 capture of Na2CO3-C-NC. Since the reaction time for one 
cycle is shorter than that shown in Figure 3-5, saturation was not reached in the first 
or second cycles. We analyzed the final CO2 capture amounts and reaction rates from 
the first to the ninth cycles, and the starting temperatures of the decomposition 
reactions of the second to tenth cycles (Figure 3-12). The starting temperatures of the 
second, sixth, and tenth cycles are 385, 388, and 387 K, respectively, all of which are 
lower than 400 K for the first cycle and 399 K for the second cycle of the bulk 
NaHCO3. As indicated for the thermal decomposition data in Figure 3-8, the 
decomposition or regeneration temperature is about 10 K lower than that of NaHCO3 
even after ten times. It can be inferred that the solid nanostructure of NaHCO3 
obtained by the composite formation facilitates the regeneration. 
Figure 3 - 13 represents the multicycles of the CO2 capture of Na2CO3-C-NC 
under moist conditions. According to this figure, the reaction rate is faster than that of 
Na2CO3. The first and the second cycles of Na2CO3-C-NC did not proceed efficiently 
because of insufficient activation for CO2 occlusion. The reaction rate of the first 
cycle was very slow and the amount was relatively low; however, after the fourth 
cycle, the reaction was faster and the saturated amount was close to that in Figure 3-9. 
The repetition activated a steady CO2 occlusion reaction with water molecules. 
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Table 3-3 Kinetic rate constants for the multicycles of CO2 capture 
  k / min−1 
bulk Na2CO3     First cycle 2.0 × 10
−2 
bulk Na2CO3     Second cycle 1.5 × 10
−2 
Na2CO3-C-NC    First cycle 8.4 × 10
−3 
Na2CO3-C-NC    Second cycle 3.2 × 10
−2 
Na2CO3-C-NC    Fourth cycle 3.2 × 10
−2 
Na2CO3-C-NC    Eighth cycle 2.5 × 10
−2 
Na2CO3-C-NC    Ninth cycle 2.8 × 10
−2 
  
In Figure 3-14, kinetic plots were drawn using the data of Figure 3-13 to evaluate 
reaction rate constants for each cycle and these were summarized in Table 3-3. The 
reaction rates for the first to the ninth iterative cycle of the CO2 capture were 
compared with those of bulk Na2CO3. For Na2CO3-C-NC, the first cycle was much 
slower than for bulk Na2CO3, but the reaction rates of the second and subsequent 
cycles were faster than those of bulk Na2CO3. The occlusion reaction is efficiently 
activated by nanostructure formation. Figure 3-14 shows the cycle stability of the 
reaction rate; this reaction rate remains almost unchanged between 2.5 × 10−2 and 3.2 
× 10−2 min−1 from the second to the ninth cycle. Thus, Na2CO3-C-NC exhibits faster 
and more stable CO2 capture than bulk Na2CO3. 
To obtain a better understanding of these properties, morphological changes in 
Na2CO3-C-NC were examined via SEM before and after CO2 capture. The SEM 
images are shown in Figure 3-15. Na2CO3-C-NC was shown to be composed of 
needle-like solids that formed aggregates. Although Na2CO3-C-NC originally 
formed cleaved layers, CO2 capture caused these to fall apart, and twisted filaments 
were also seen after the second CO2 capture. The crystallinity was not good of 
Na2CO3-C-NC, but the crystallinity and stability of Na2CO3-C-NC for after the 
second occlusion were much better than that for the Na2CO3-C-NC, as this is 
understood from the XRD peaks in Figures 3-6 and 3-11. The constant CO2 capture 
and regeneration were possible over 10 reactions, although the reactions were 
somewhat unstable for the first 2 cycles. 
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3.4  Conclusions 
Na2CO3-C-NC was prepared, and its decomposition-regeneration reaction started 
at a lower temperature than that of bulk NaHCO3. The amount of CO2 captured by 
Na2CO3-C-NC was relatively high at 220–230 mg-CO2·g
−1, and the reaction rate 
proceeded about 1.5 or 2 times as rapidly as that of bulk Na2CO3. It is shown that 
these improved properties are largely due to nanostructure formation in composite 
with carbon. This shows promise as a practical material for effective CO2 recovery 
with a relatively inexpensive sodium salt and terephthalic acid. 
 
 
 
Figure 3-10  Kinetic plot based on equation (3-6) 
a: NaHCO3 (first), b: NaHCO3 (second), c: Na2CO3-C-NC (first),  
d: Na2CO3-C-NC (second) 
 
55 
 
 
 
Figure 3-11  Ten-cycle repetition of CO2 occlusion-regeneration of Na2CO3-C-NC 
Black: weight  Red: temperature. 
 
 
 
Figure 3-12   TG curves for ten decomposition circles. 
a: NaHCO3 (first), b: NaHCO3 (second), c: Na2CO3-C-NC (second),  
d: Na2CO3-C-NC (sixth), e: Na2CO3-C-NC (tenth) 
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Figure 3-13 Multi cycles of CO2 capture under moist conditions 
a: Na2CO3 (first), b: Na2CO3 (second), c: Na2CO3-C-NC (first), d: Na2CO3-C-NC 
(second), e: Na2CO3-C-NC (fourth), f: Na2CO3-C-NC (eighth),  
g: Na2CO3-C-NC (ninth) 
 
 
Figure 3-14  Kinetic plot for ten cycles of CO2 capture 
a: Na2CO3 (first), b: Na2CO3 (second), c: Na2CO3-C-NC (first), d: Na2CO3-C-NC 
(second), e: Na2CO3-C-NC (fourth), f: Na2CO3-C-NC (eighth), 
g: Na2CO3-C-NC (ninth) 
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Figure 3-15  SEM images of Na2CO3-C-NC (a), after first CO2 occlusion 
(b), after second CO2 occlusion (c)The pictures on the right are magnified 
views of the left pictures. 
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Chapter 4  Preparation of mixed alkali-metal carbonates 
and their CO2 sorption/desorption properties 
 
4.1  Introduction 
The greenhouse gas making the largest contribution from human activities is 
carbon dioxide (CO2) that is released into the atmosphere due to the use of fossil fuels 
(oil, natural gas, and coal). At present, the global concentration of CO2 in the 
atmosphere is increasing. If recent trends in global CO2 emissions continue, the world 
will not be on a path towards stabilization of greenhouse gas concentrations [1]. The 
period of 2000, carbon dioxide emissions in the United States were about 5.9 billion 
metric tons. Capture of carbon dioxide will be best carried out at large point sources 
of emissions, such as power stations, oil refineries, steel works, and petrochemical 
plants. Since the beginning of the industrial revolution in 1850, the average 
atmospheric concentration of carbon dioxide has increased from 280 ppm to 370 ppm 
while the average global temperature has increased between 273.8 K and 274 K in the 
same time period. Continued uncontrolled greenhouse gas emissions may, in the 
future, contribute to the increase in sea level and increase frequency and intensity of 
climatic hurricanes and floods. At the Kyoto Conference, many countries in the world 
recently agreed to reduce emissions of greenhouse gases into the atmosphere or at 
least to keep them at the current level. Carbon dioxide has been proven to be a 
greenhouse gas, contributing to the increase of the earth's surface temperature and 
producing long term climate changes. [2] 
One of the most efficient techniques for removal of CO2 is the chemical sorption 
of CO2 with regenerable solid sorbents [3]. In particular, alkali metal-based sorbents 
could be utilized in CO2 capture at low temperatures (323–343 K). Thermal 
regeneration easily occurred at low temperatures of <423 K [4]. Several material 
systems can be used to capture CO2, including liquid-phase solvents, membranes and 
molecular sieves. However, many of these systems are considered costly and often 
require significant additional energy [5]. Consequently, regenerable solid sorbents 
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based on chemical sorption process have been developed for a range of temperatures 
and pressures [6-8]. In particular, sorbents containing alkali metal or alkaline-earth 
metal operating at low temperature (323−423 K) and moderate temperature (573−773 
K) find applications in post- and pre-combustion capture, respectively [9] [10]. 
 Capture of carbon dioxide will be the best carried out at large point sources of 
emissions, such as power stations, oil refineries, petrochemical plants, steel works and 
cement plants, however power plants are most amount of discharge of carbon dioxide. 
The EPA has estimated the anthropogenic carbon dioxide emissions to be higher than 
6 Gt /yr, half of which are produced by industry and power plants using fossil fuels. 
[2] 
There are three options to meet the targets to reduce carbon dioxide emissions: (i) 
improving the efficiency of energy utilization, (ii) increasing the use of low-carbon 
energy sources, and (iii) carbon dioxide capture and sequestration. [2] Investigators 
around the world hold interest in various CO2 capture options, including 
pre-combustion decarbonization , O2/CO2 combustion, chemical looping combustion, 
and post-combustion capture. Despite that, it is well-known that the pressure and 
concentration of CO2 in real flue gases are low and the presence of undesired 
components is non-negligible. The CO2 capture process is no doubt capital- and 
energy intensive. [11] 
The most important aspect of an adsorption-based process is the selection of the 
adsorbents. Several materials have been developed in recent years which selectively 
and reversibly adsorb CO2 at elevated temperatures. Among them, calcium oxide 
related materials [12-16] and hydrotalcite-like compounds [17] are the most widely 
reported adsorbents. Calcium oxide captures CO2 by the carbonation reaction at 
around 873 K and the captured CO2 can be desorbed at temperatures above 1073 K, 
thus leading to the regeneration of the adsorbent for reuse. Most CaO related materials 
such as dolomite and limestone are readily available in nature. However, regeneration 
of these materials at high temperatures is always accompanied by a rapid sintering 
process. The naturally available and man-made hydrotalcite materials have been 
reported to be suitable for in situ CO2 separation at high temperatures in a pressure 
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swing adsorption process in water gas shift reactors, but the adsorption amount is 
relatively low (e.g., 0.65 mol/kg at 673 K) [18] . The mechanism of CO2 adsorption 
on hydrotalcite is not clear, though several reports have investigated this subject 
[19-22]. A detailed comparison of adsorption performance of widely reported 
adsorbents can be found elsewhere [23]. 
An alkali-metal-based solid sorbent has been identified to be the promising 
candidate for post-combustion capture of CO2 from flue gas [24]. The relevant 
reaction is as follows: M2CO3(s) + H2O(g) + CO2(g) ⇔ 2MHCO3(s), where M is 
alkali metal elements, Na, K, etc. The forward step is used for CO2 removal 
(carbonate reaction), while the reverse reaction is used for sorbent regeneration and 
CO2 release (regeneration reaction). This technology has been under investigation in 
recent years. Liang et al. [25] [26] and Zhao et al. [27] investigated the reaction 
mechanism of analytical reagent Na2CO3 and K2CO3 from different precursors, 
respectively, and revealed that the carbonate reaction (CO2 adsorption) is effective 
between 333 and 353 K and the regeneration reaction (CO2 desorption) occurs 
between 393 and 523 K. Furthermore, it is generally concluded that K2CO3 is more 
active in CO2 absorption than Na2CO3. Thus, most of the investigations have been 
focused on the former [28-31]. 
A systematic study of alkali-metal carbonate double salts [(Z2CO3)x(MgCO3)y, 
where Z = Li, Na, K, and Cs] supported on Go under dry and humid conditions 
reported a broad range of sorption capacities (∼0.1−11.9 mol /g) at 623−673 K, 
depending on the synthesis conditions [32]. The highest capacity in this study was 
observed for Na double salt at 11.9 mol/g and 648 K with a Z/Mg ratio of 0.36. On 
the other hand, recent reports have suggested a trend of increase in sorption capacities 
with the increase of atomic radii of alkali metals [33] [34]. 
For example, for the alkali-metal-doped CaO at both 323 K and 723 K under dry 
conditions, Reddy et al. reported that sorption capacity follows the order of Li < Na < 
K < Ru <Cs [35]. Similarly, for sodium, potassium, and cesium carbonates doped on  
MgO , the capacities were found to be Na < K < Cs, at 473 K−723 K [36]. 
To enhance the abrasion resistance and CO2 uptake capacity of potassium-based 
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solid sorbents in a fluidized-bed reactor, researchers introduced various supports, [37 
-44] such as ZrO2, Al2O3, MgO , AC, SiO2, and TiO2. The sorbents were prepared by 
the wet impregnation or spray-drying process. CO2 capture characteristics, 
multiple-cycle carbonation/regeneration characteristics, and abrasion resistance 
properties of the above sorbents were systematically studied using bubbling and 
circulating fluidized beds. Recently, increased attention to the use of doped 
calcium-based CO2 sorbents has been paid. Chen et al. [45] doped limestone with 
attapulgite and presented that the doped sorbent shows better CO2 capture 
performance than the natural limestone under the same conditions. Sun et al. [46] 
investigated manganese salts (including Mn (NO3)2 and MnCO3) doped 
calcium-based sorbent and reported that the cyclic CO2 capture capacity of CaCO3 
became significantly improved [47]. 
Although most of the studies on MgO promoted with alkali metal carbonates 
assumed that the reaction mechanism is based on the carbonation of MgO, with the 
carbonates as passive promoters, recent reports have indicated that a mixed action 
carbonate phase [Z2Mg(CO3)2] is the product after CO2 sorption [48-50]. A recent 
study by Lee et al. on K2CO3- promoted MgO has measured about 4 mmol /g capacity 
at lower temperatures (323−373 K) in the presence of water [48]. Double salt 
carbonates of K2Mg(CO3) 2 and K2Mg(CO3)2·4(H2O) were found in the sorbents after 
CO2 sorption. Zhang et al. also observed double salt Na−Mg carbonates formation on 
Na2CO3-promoted MgO sorbents at 573−743 K under dry conditions with a sorption 
capacity of 3.4 mmol /g [49]. However, the experimentally observed sorption 
capacities, as pointed out by the authors, are much smaller than the theoretically 
predicted values. This is also the case for many examples in the literature [51]. 
Despite the successful development of alkali-metal carbonate promoted Go 
sorbents for pre- and post-combustion CO2 capture applications, there exists a broad 
deviation of reported sorption capacities and performances. This deviation reflects 
that the nanoscopic structures of promoted MgO sorbents are not well understood. In 
order to improve the sorption performances of the alkali-metal carbonate promoted 
MgO sorbents, it is therefore important to have a detailed understanding of the 
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structures of sorbents during the sorption process. [52] 
Although sodium and potassium carbonates (Na2CO3 and K2CO3) effectively 
sorbs CO2 with water vapor at room temperature and change into their bicarbonates, 
there is disadvantage for application to CO2 capture technology because much energy 
consumption is needed for regeneration of the carbonates from the bicarbonates at 
higher temperature than 423 K. 
In the present study, to obtain a novel material having high energy efficiency as a 
CO2 sorbent, mixed alkali-metal carbonates containing cesium were prepared and 
their CO2 sorbtivity and regeneration ability from their bicarbonates were examined. 
CsyK1-yHCO3 showed that the regeneration temperature decreased, when the molar 
ratio of K to Cs is 9.4 to 0.6 or 9.5 to 0.5. The regeneration temperature started at 
400K and finished at 470 K from TG-DTA experiment. This was lower than the 
regeneration of KHCO3. The amount of CO2 sorption was 279 mg CO2/g-sorbent for 
the ratio of K to Cs of 9.5 to 0.5 and in the second cycle its CO2 capacity indicated a 
little decrease. Thus, the mixed alkali-metal carbonate was found to be a potential 
sorbent for capturing CO2.  
 
4.2  Experimental and methods 
4.2.1  Sample preparation 
NaHCO3 (8.4 g) (99.5%, Wako Pure Chem. Ind., Ltd.), KHCO3 (10.0 g) (99.5%, 
Wako Pure Chem. Ind., Ltd.), and CsHCO3 (19.3 g) (99.9%, Sigma-Aldrich, Co. Ltd.) 
were dissolved in 100 cm3 deionizer water, respectively. Mixed alkaline-metal 
bicarbonates, NaxK1-xHCO3 (x=0.1, 0.2, 0.5, 0.8, and 0.9) were prepared by using the 
two aqueous solutions of NaHCO3 and KHCO3. Also CsyK1-yHCO3 (y=0.01, 0.02, 
0.04, 0.05, 0.06, 0.08, 0.1, 0.2 and 0.5) were prepared from the CsHCO3 and KHCO3 
solutions. The two solutions corresponding to a molar ratio of two alkali metals were 
mixed and dried at 378 K for 17 h in an electric furnace.  
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4.2.2  Thermogravimetry-differential thermal analysis (TG-DTA) 
Thermogravimetry (TG-DTA) is an important laboratory method used for material 
characterization, which is used as a technique to characterize materials used in various 
environmental, food, pharmaceutical, and petrochemical applications [53].  
Thermo gravimetric analysis measures the amount of the mass change of a sample 
by monitoring as a function of temperature or time in an atmosphere of Nitrogen, 
Helium, Argon, Oxygen, other gas or in vacuum. TGA instrument mainly consists of a 
sample pan, a precision balance and a furnace. The sample pan is supported by the 
precision balance and resides in a furnace when the samples need to be heated or 
cooled during the experiment [54]. 
According to the orientation of supported precision balance, TGA instruments can 
be divided into two general types such as vertical and horizontal balance. Vertical 
balance instruments only have a sample pan hanging from the balance or located 
above the balance on a sample stem in order to compensate for buoyancy effects due 
to the variation in the density of the purge gas with temperature. In contrast, 
horizontal balance instruments generally have two pans (sample and reference) and 
can perform differential thermal analysis (DTA) measurements without the buoyancy 
effects [55]. DTA is used to record the temperature difference between the reference 
pan and sample pan. During TG-DTA measurements, qualitative and quantitative 
analysis can be performed by studying various reactions and interactions between a 
sample and special atmosphere. Also reaction mechanisms can be examined and 
analyzed on the base of TG-DTA curves variation. Consequently, in the dissertation, 
the capacity, exothermic properties and kinetics of CO2 capture in K2CO3, Cs2CO3 and 
Na2CO3 are obtained by TG-DTA measurements. 
The decomposition of samples was processed with TG–DTA (Shimadzu, 
DTG–60AH). Samples (44–50 mg) was heated at 10 K·min–1 from 298 to 473 K in an 
atmosphere of pure N2 at 100 cm
3·min–1 to held at these conditions for 20 min to 
complete the decomposition. Subsequently, the temperature was lowered to 313 K at 
-10 K·min–1 and maintained for 30 min under a N2 atmosphere. After the 
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decomposition of samples, the temperature was lowed from 473 to 383 K at -10 
K·min–1 and kept for 20 min under an N2 atmosphere and kept for 300 min under CO2 
and H2O (v/v of 98.2:1.8) at a flow rate of 100 cm
3·min–1 at temperatures between 
313 and 383 K. 
 
4.2.3  X-Ray Diffraction (XRD) 
X-rays are electromagnetic radiation of wavelength about 1 Å, which is about the 
same size as an atom. If we can probe the atomic distances, this can exactly provide 
information about structures that we need. Generally, X-rays are produced by 
bombarding a metal target (Cu or Mo) with a beam of electrons accelerated by a high 
voltage, which emitted from a heated ﬁlament (tungsten). If the incoming electrons 
are energetic enough, the beam of electrons can ionize electrons from the K shell (1s) 
of the target atom leading to resultant vacancies. To attain a lower energetic state, 
Atom will fill these vacancies by electrons dropping down from the L (2P) or M (3p) 
shell. The difference between the electron energies of the K shell and L or M shell is 
emitted in form of characteristic x-rays during this process. In general, two lines (Kα1 
and Kα2) of different energies in Kα are produced between K shell and L shell while a 
line (Kβ) is produced between K shell and M shell [56].  
The interactions of X-rays with matter are mainly absorption, scattering. 
Particularly, as one of X-rays scattering phenomenon, X-ray diffraction is that the 
atomic planes of a matter cause an incident beam of X-rays to interfere with one 
another as they leave the crystal. X-ray diffraction can be explained by the Bragg’s 
law. 
2dsinθ= nλ                               (4-7) 
Here, d is the distance between atomic layers in a crystal; θ is angle of incidence of 
reflect X-ray beam; λ is the wavelength of the incident X-ray beam; n is an integer.  
X-ray diffraction is one of the most important techniques to characterize the 
crystallographic structure and crystallite size. Each crystalline solid has its unique 
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characteristic X-ray powder pattern. Once the material has been identified, X-ray 
crystallography may be used to determine its structure [56]. According to XRD 
pattern to confirm the crystal structure, the crystallite size can be quantified using the 
Scherer equation based on the XRD data. 
The crystal structures of the products measured by XRD (MAC Science, 
M03XHF) of CO2 or H2O from the ambient atmosphere. The powder XRD patterns 
were obtained in the 2θ range of 25 to 45° using Cu Kα radiation (40 kV, 25 mA , and λ 
= 0.15406 nm) at room temperature. 
 
4.2.4  Multi-step CaO solution for CO2 precipitation 
In CO2 capture process, it is complicated to measure the CO2 uptake from 
composites, sometimes it will be overestimated the capacity of CO2 capture by using 
TG-DTA experiment, because porous materials may prefer adsorb H2O to CO2. So I 
used CaO solution to verify the amount of CO2 adsorption. Calcium oxide (CaO), 
commonly known as quicklime or burnt lime, is a widely used chemical compound. It 
is a white, caustic, alkaline, crystalline solid at room temperature. CaO is difficult 
dissolve in water, and lower temperature of water, the higher solubility. The reactions 
have been showed as (4-4) and (4-5) equations: 
CaO (s) +H2O (l) → Ca(OH)2 (aq)                             (4-8) 
Firstly, prepare the saturated Calcium hydroxide solution by adding excess Calcium 
oxide into water and filtering the white precipitation contribute to the dissolved 
residual CaO. 
Ca(OH)2 (l)+CO2 (g) → CaCO3 (s)+H2O (aq)                       (4-9) 
Calcium hydroxide solution had been used to capture CO2 which is released from 
composites after carbonation by TG-DTA experiment. And then weigh the 
precipitation elaborately. I designed the device of this process, which is showed in 
Figure 4-6, using multi-step for completely adsorption. 
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Figure 4-6  The device of multi-steps CaO solution for CO2 precipitation 
The CaO solution-precipitation method to accurately determine the amount of 
CO2 captured by the mixed alkali-metal carbonates. The CaO solution was prepared 
by dissolving 0.6 g of CaO in 100 cm3 distilled water. Any insoluble precipitate was 
filtered to yield a saturated solution. The clear solution was bubbled with N2 gas to 
remove any dissolved CO2 from air. Which captured CO2 under moist conditions in 
the TG–DTA chamber at 313 K, were heated at 573 K, and the desorbed CO2 was 
recaptured by the CaO solution, leading to the immediate formation of a white 
precipitate. The CO2 amount desorbed was calculated from the mass of the 
precipitate. 
 
4.3  Results and discussion 
4.3.1  NaxK1-xHCO3 
The decomposition of samples was processed with TG–DTA. Samples (20–40 mg) 
was heated at 10 K·min–1 from room temperature to 473 K in an atmosphere of pure N2 
at 100 cm3·min–1 to held at these conditions for 20 min to complete the decomposition. 
Subsequently, the temperature was lowered to 313 K at -10 K·min–1 and maintained for 
30 min under a N2 atmosphere. 
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KHCO3 and NaHCO3 decomposed to K2CO3 and Na2CO3, CO2 and H2O 
according to the reverse reaction of reaction (4-10) and (4-11). This was confirmed 
by a weight decrease (between 20 and 35 minutes from the initiation of reaction) upon 
heating to 473 K, as shown in from Figure 4-7 to Figure 4-11. The test began with 
the decomposition of NaHCO3 and KHCO3. The furnace was heated from ambient 
temperature to 473 K in a N2 environment, For all of these adsorbents, the first weight 
loss of 5.8−12.1wt % was found between 320K and 470K. 
K2CO3 (s) + CO2 (g) + H2O (g) ⇆ 2KHCO3 (s) (4-10) 
Na2CO3 (s) + CO2 (g) + H2O (g) ⇆ 2NaHCO3 (s) (4-11) 
 
4.3.1.1  Na0.1K0.9HCO3 
 
Figure 4-7  TGA test results of Na0.1K0.9HCO3. Weight change by the decomposition 
of KHCO3 and NaHCO3 (<60 min) at 473 K. 
 
 
 
 
Temperature 
TG 
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4.3.1.2  Na0.2K0.8HCO3 
 
Figure 4-8  TGA test results of Na0.2K0.8HCO3. Weight change by the decomposition 
of KHCO3 and NaHCO3 (<60 min) at 473 K. 
 
4.3.1.3  Na0.5K0.5HCO3 
 
Figure 4-9  TGA test results of Na0.5K0.5HCO3. Weight change by the decomposition 
of KHCO3 and NaHCO3 (<55 min) at 473 K. 
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4.3.1.4  Na0.8K0.2HCO3 
 
Figure 4-10  TGA test results of Na0.8K0.2HCO3. Weight change by the 
decomposition of KHCO3 and NaHCO3 (<55 min) at 473 K 
 
4.3.1.5   Na0.9K0.1HCO3 
 
Figure 4-11  TGA test results of Na0.9K0.1HCO3. Weight change by the 
decomposition of KHCO3 and NaHCO3 (<55 min) at 473 K 
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Figure 4-12  The summary of TGA test results 
 
Table 4-1  The decomposition temperature from two circles 
 first weight loss second weight loss 
KHCO3  440K 
Na0.1K0.9HCO3 340K-430K 430K-470K 
Na0.2K0.8HCO3 340K-440K 440K-470K 
Na0.5K0.5HCO3 340K-440K 440K-470K 
Na0.8K0.2HCO3 340K-440K 440K-470K 
Na0.9K0.1HCO3 340K-440K 440K-470K 
 
Figure 4-12 shows the TGA for adsorbents. For all of these adsorbents, the first 
weight loss was found in the temperature range between 340K and 440K. These 
losses were attributed to the loss of free surface water after preparation of adsorbents. 
The second weight loss was found in the temperature range between 440K and-470K. 
This resulted from the decomposition of KHCO3 into K2CO3 and NaHCO3 into 
Na2CO3. Because of the high decomposition temperature, these sorbents cannot be 
recognized as potential materials for CO2 adsorption. 
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4.3.2   CsyK1-yHCO3 
The decomposition of samples was processed with TG–DTA. Samples (20–40 mg) 
was heated at 10 K·min–1 from room temperature to 473 K in an atmosphere of pure N2 
at 100 cm3·min–1 to held at these conditions for 20 min to complete the decomposition. 
Subsequently, the temperature was lowered to 313 K at -10 K·min–1 and maintained for 
30 min under a N2 atmosphere. After the decomposition of samples, the temperature 
was lowed from 473 to 383 K at -10 K·min–1 and kept for 20 min under an N2 
atmosphere and kept for 300 min under CO2 and H2O (v/v of 98.2:1.8) at a flow rate 
of 100 cm3·min–1 at temperatures between 313 and 383 K. 
The TG curve from Figure 4-13 to Figure 4-20 shows the initial thermal 
decomposition, with subsequent KHCO3 and CsHCO3 formation from the heat-treated 
CsyK1-yHCO3 at 313 K in CO2 containing water vapor at a flow rate of 100 
cm3·min−1. The weight increases (%) correspond to the conversion of K2CO3 and 
Cs2CO3 to KHCO3 and CsHCO3 by occlusion of CO2 and H2O. The formation of 
KHCO3 and CsHCO3 reached equilibrium after 280 min for the first cycle and 100 
min for the second cycle. 
4.3.2.1  Cs0.2K0.8HCO3 
 
Figure 4-13  TGA test results of Cs0.2K0.8HCO3 
 
Temperature 
TG 
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4.3.2.2  Cs0.1K0.9HCO3 
 
Figure 4-14  TGA test results of Cs0.1K0.9HCO3 
 
 
4.3.2.3  Cs0.08K0.92HCO3 
 
Figure 4-15  TGA test results of Cs0.08K0.92HCO3 
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4.3.2.4 Cs0.06K0.94HCO3 
 
Figure 4-16  TGA test results of Cs0.06K0.94HCO3 
 
4.3.2.5  Cs0.05K0.95HCO3 
 
Figure 4-17  TGA test results of Cs0.05K0.95HCO3 
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4.3.2.6  Cs0.04K0.96HCO3 
 
Figure 4-18  TGA test results of Cs0.04K0.96HCO3 
 
4.3.2 .7  Cs0.02K0.98HCO3 
 
Figure 4-19  TGA test results of Cs0.02K0.98HCO3 
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4.3.2.8  Cs0.01K0.99HCO3 
 
Figure 4-20  TGA test results of Cs0.01K0.99HCO3 
 
 
 
Figure 4-21  TGA test results of the second circle 
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Table 4-2  The desorption temperature of sorbents 
 
CsyK1-yHCO3 weight loss 
y=0.01 420K 
y=0.02 410K 
y=0.04 400K 
y=0.05 400K 
y=0.06 410K 
y=0.08 425K 
y=0.1 430K 
KHCO3 440K 
 
Figure 4-21 shows the TGA for adsorbents. For all of these adsorbents, the first 
weight loss was found in the temperature range between 330K and 420K. These 
losses were attributed to the loss of free surface water after preparation of adsorbents. 
The second weight loss was found in the temperature range between 370K and 460K. 
This resulted from the decomposition of KHCO3 into K2CO3 and CsHCO3 into 
Cs2CO3. CsyK1-yHCO3 showed that the regeneration temperature decreased, when the 
molar ratio of CsyK1-yHCO3 (y=0.04, 0.05). The regeneration temperature started at 
380 K and finished at 420 K from TG-DTA experiment. This was lower than the 
regeneration of KHCO3. 
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4.3.3  XRD results 
 
Figure 4-22  XRD patterns of fresh sorbents 
 
To confirm the change of sorbent constituents before carbonation, XRD patterns 
of sorbents were con ducted successively. XRD patterns of sorbents CsyK1-yHCO3 
(y=0.04, 0.05, 0.06) before the carbonate reaction are shown in Figure 4-22. As noted, 
the main constituents of sorbent KHCO3 and CsHCO3. 
 
4.3.4  CO2 capture 
4.3.4.1  CO2 capture ability under moist conditions 
M2CO3 (s) + H2O (g) + CO2 (g) ⇄ 2MHCO3(s)            (4-12)  
The CO2 sorption capacity of the CsyK1-yHCO3 was calculated on the basis of their 
mass change resulting from reaction (4-12): one mole of CsyK1-yHCO3 occludes a 
stoichiometric amount of one mole each of CO2 and H2O, and the value were 
calculated as the total CO2 sorption capacity (AC; mg-CO2/g-sorbent) 
  
 (4-13) 
 
where n (mmol) is the total amount of CO2 captured, as obtained from TG data; MCO2 
(g/mol) is the molar mass of CO2; m (g) is the mass of the sorbent. 
y=0.06 
 
y=0.05 
 
y=0.04 
CsHCO3 
 
KHCO3  
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The CO2 capture capacity results are summarized in Table 4-3; the results indicate 
that CsyK1-yHCO3 (y=0.04, 0.05, 0.06) exhibits the highest CO2 sorption capacity, AC 
= 235, 457, 437 mg/g-sorbent, respectively. The capture capacity results reported in 
Table 4-3 were estimated simply from the weight increase attributed to the sorption of 
CO2 and H2O. 
 
4.3.4.2  CaO solution–precipitation method 
Table 4-3  CO2 capture capacity, as measured by TG–DTA and TPD 
 
Composite TG–DTA CaO soln–ppt Theoretical value 
CsyK1-yHCO3 AC AC AC 
y=0.06 235 221 (75%) 295 
y=0.05 457 279 (93%) 299 
y=0.04 437 259 (86%) 303 
 
 
Before the CaO solution-precipitation experiment of samples, we heated 
CsyK1-yHCO3 to make CO2 react with CaO solution. We measured the mass of the 
CaCO3 precipitate to estimate the CO2 uptake; The results indicated sorption 
capacities of AC = 221, 279, and 259, respectively, which is also reported in Table 4-3. 
Although the amounts of CO2 uptake are lower than those obtained from the TG 
measurements, these are net values of CO2 capture capacity. 
 
4.3.5  Time course of CO2 occlusion 
For the research on carbonation characteristics of CsyK1-yHCO3 (y=0.04, 0.05, 
0.06), the thermogravimetry test was performed, and the results are shown in Figure 
4-23. 
The percent conversion of sorbents was plotted versus reaction time. Based on the 
AC: mg-CO2/g-sorbent    
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conversion of K2CO3 to KHCO3, the percent conversion η is calculated from 
 
where t is the reaction time, w(t) is the weight of sorbent at time t, w(0) is the sorbent 
weight at the beginning, and MK2CO3, MKHCO3 are the molecular weight of K2CO3 and 
KHCO3. 
The percent conversion of CsyK1-yHCO3 (y=0.04, 0.06) increases slowly with the 
time. However, the percent conversion of CsyK1-yHCO3 (y=0.05) increases rapidly 
with the time. The carbonation character of CsyK1-yHCO3 (y=0.05) was better than 
those sorbents. 
 
 
 
Figure 4-23  TG test results of different sorbents 
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Figure 4-24  Carbonation test results of different sorbents 
 
4.4  Conclusion  
CO2 capture and storage is an urgent problem has to be resolved in the near future, 
just like the prediction which detail described in section 4.1, the CO2 emission result 
from human activities will change the environment dramatically. In the present study, 
to obtain a novel material having high energy efficiency as a CO2 sorbent, mixed 
alkali-metal carbonates containing cesium were prepared and their CO2 sorbtivity and 
regeneration ability from their bicarbonates were examined. Characteristics of 
alkali-metal carbonates were studied by using thermogravimetry analysis (TGA) and 
X-ray diffraction. 
CsyK1-yHCO3 (y=0.04, 0.05) showed that the regeneration temperature decreased. 
The regeneration temperature started at 400 K and finished at 460 K from TG-DTA 
experiment. This was lower than the regeneration of KHCO3. The amount of CO2 
sorption was 279 mg CO2/g-sorbent for the ratio of K to Cs of 9.5 to 0.5 and in the 
second cycle its CO2 capacity indicated a little decrease. Thus, the mixed alkali-metal 
carbonate was found to be a potential sorbent for capturing CO2. The percent 
conversion of CsyK1-yHCO3 (y=0.05) increases rapidly with the time. The carbonation 
character of CsyK1-yHCO3 (y=0.05) was better than those sorbents. 
83 
 
References 
[1] Intergovernmental Panel on Climate Chang (IPCC) (2005) IPCC special report on 
carbon dioxide capture and storage. <http://www.ipcc.ch>. 
[2] Removal of CO2 by Continuous Carbonation / Calcinations Cycle of Na2CO3 
Impregnated on Supports July 2008 
[3] Lee SC, Chae HJ, Lee SJ, Choy BY, Yi CK, Lee JB, et al. Environ Sic Technol 
2008; 42(8):2736. 
[4] Yi CK, Jo SH, Seo YW, Lee JB, Ryu CK. Int J Green Gas Cont 2007; 1(1) : 31. 
[5] D. Aaron, C. Tsouris, Sep. Sci. Technol. 2005, 40, 321. 
[6] R. Singh; al, E. Energy Procedia 2009, 1, 623−630 
[7] Alvarez, D. Abanades, J. Ind. Eng. Chem. Res. 2005, 44, 5608−5615. 
[8] Hassanzadeh, A. Abbasian, J. Fuel 2010, 89, 1287−1297. 
[9] Wang, M. Lawala, A. Stephensonb, P. Siddersb, J. Ramshawa, C, Yeung, H. 
Chem. Eng. Res. Des. 2011, 89, 1609−1624. 
[10] Figueroa, J. D. Fout, T. Plasynski, S. McIlvried, H. Srivastava, R. D. Int. J. 
Greenhouse Gas Control 2008, 2, 9−20. 
[11] Wei Dong, Xiaoping Chen, and Ye WuApril 29, 2014 | doi : 10.1021/ef500133e 
[12] Abanades, J.C, 2002. Chemical Engineering Journal 90,303–306. 
[13] Abanades, J.C. Anthony, E.J., Wang, J. Oakey, J.E. 2005. Environmental Science 
& Technology 39, 2861–2866. 
[14] Manovic, V.Anthony, E.J. 2009. Environmental Science & Technology 43 (18), 
7117–7122. 
[15] Martavaltzi, C.S. Lemonidou, A.A. 2008. Micro porous and Mesoporous 
Materials 110, 119–127. 
[16] Reddy, E.P. Smirniotis, P.G. 2004. The Journal of Physical Chemistry B 108, 
7794–7800. 
[17] Hutson, N. Attwood, B. 2008. Adsorption 14 (6), 781–789. 
[18] Ding, Y. Alpay, E. 2000. Chemical Engineering Science 55, 3461–3474. 
[19] Ebner, A.D, Reynolds, S.P. Ritter, J.A. 2006. Industrial& Engineering Chemistry 
84 
 
Research 45, 6387–6392. 
[20] Hutson, N.D. Speakman, S.A. Payzant, E.A. 2004. Chemistry of Materials 16, 
4135–4143. 
[21] Perez-Ramirez, J. Abello, S. van der, Pers. Niek, M. 2007. Chemistry: A 
European Journal 13, 870–878. 
[22] S. Walspurger, L. Boels, P.D.Cobden, G.D.Elzinga, W.G.Haije, R.W.van den 
Brink, 2008. ChemSusChem 1, 643–650. 
[23] K.B.Lee, M.G.Beaver, H.S. Caram, S.Sircar, 2008a. Industrial& Engineering 
Chemistry Research 47, 8048–8062. 
[24] M.Zhao, A. I.Minett, A. T. Harris, Energy Environ. Sci. 2013, 6, 25−40. 
[25] Liang, Y. M.S. Dissertation, Louisiana State University (LSU), Baton Rouge, LA, 
2003. 
[26] Y.Liang, D. P.Harrison, R. P.Gupta, D. A.Green, W. J.McMichael, Energy Fuels 
2004, 18, 569−575. 
[27] C. Zhao, X.Chen, C.Zhao, Y. Liu, Energy Fuels 2009, 23, 1766−1769. 
[28] J. Hoffman, H. J. Pennline , Energy Environ. Res. 2001, 1, 90−100. 
[29] S. C. Lee, B. Y. Choi, S. J. Lee, S. Y.Jung, C. K.Ryu, J.C. Stud. Kim, Surf. Sci. 
Catal. 2004, 153, 527−530. 
[30] S. C. Lee, J. C. Kim, Catal. Surd. Asia 2007, 11, 171−185. 
[31] S. C. Lee, B. Y. Choi, T. J. Lee, C. K. Ryu, Y. S. Ahn, J. C. Kim, Catal. Today 
2006, 111, 385−390. 
[32] S. G. Mayorga, S. J. Weigel, T. R.Gaffney, J. Brzozowski, US006280503B1 US 
patent 6, 280, 503, 2001. 
[33] E. P. Reddy, P. G. J. Smirniotis, Phys. Chem. B 2004, 108, 7794−7800. 
[34] Jahan, M. Ph.D. thesis, Monash University, Victoria, Australia, 2011. 
[35] E. P. Reddy, P. G. J. Smirniotis, Phys.Chem. B 2004, 108,7794−7800. 
[36] Jahan, M. Ph.D. thesis, Monash University, Victoria, Australia, 2011. 
[37] Y. Seo, S. H.Jo, C. K.Ryu, C. K. J.Yi, Environ. Eng. 2009, 135, 473−477. 
[38] S. C. Lee, H. J. Chae, S. J. Lee, Y. H. Park, C. K. Ryu, C. K. Yi, J. C. J. Kim, 
Mol. Catal. 2009, 56, 179−184. 
85 
 
[39] C. Zhao, X. Chen, C. Zhao, Energy Fuels 2009, 23, 4683−4687. 
[40] S. C. Lee, H. J. Chae, S. J. Lee, B. Y. Choi, C. K. Yi, J. B. Lee, C. K. Ryu, J. C. 
Kim, Environ. Sci. Technol. 2008, 42, 2736−2741. 
[41] S. C. Lee, H. J. Chae, B. Y. Choi, S. Y. Jung, C. Y. Ryu, J. J. Park, C. K. Ryu, J. 
C. Kim, Korean J. Chem. Eng. 2011, 28, 480−486. 
[42] C. Zhao, X. Chen, C. Zhao, Y. Wu, W. Dong, Energy Fuels 2012, 26, 
3062−3068. 
[43] C. K. Yi, S. H. Jo, Y. J. Seo , Chem. Eng. Jpn. 2008, 41, 691−694. 
[44] L. Li, Y. Li, X. Wen, F. Wang, N. Zhao, F. Xiao, W. Wei, Y. Sun, Energy Fuels 
2011, 25, 3835−3842. 
[45] H. Chen, C. Zhao, W. Yu, Appl. Energy 2013, 112, 67−74. 
[46] R. Sun, Y. Li, H. Liu, S. Wu, C. Lu, Appl. Energy 2012, 89, 368−373. 
[47] M. J. Al-Jeboori, P. S. Fennell, M. Nguyen, K. Feng, Energy Fuels 2012, 26, 
6584−6594. 
[48] S. C. Lee, H. J. Chae, S. J. Lee, B. Y. Choi, C. K. Yi, J. B. Lee, C. K. Ryu, J. C. 
Kim, Environ. Sci. Technol. 2008, 42, 2736−2741. 
[49] K. Zhang, X. S. Li, Y. Duan, D. L. King, P. Singh, L. Li, Into J. Greennhouse 
Gas Control 2013, 12, 351−358. 
[50] G. Xiao, R. Singh, A. L. Chaffee, P. Webley, Int. J. Greenhouse Gas Conrol 
2011, 5, 634−639. 
[51] S. G. Mayorga, S. J. Weigel, T. R. Gaffney, J. Brzozowski, US006280503B1US 
patent 6, 280, 503, 2001. 
[52] Mayan Liu, Christian Vogt, Alan L. Chaffee, and Sherry L. Y. Chang J. Phys. 
Chem. C 2013, 117, 17514−17520 
[53] http://www.andersonmaterials.com/tga.html 
[54]http://www.uzaktanegitimplatformu.com/UEP/uep_ylisans/ey2/ey2_download/Pr
actice%20Guide_Section%202_TGA.pdf 
[55] V. Hauk. Structural and Residual Stress Analysis by Nondestructive Methods, 
Elsevier, 1997. 
[56] I. C. Noyan, J. B. Cohen. Springer - Verlag, New York, 1987. 
86 
 
Chapter 5  General Conclusion 
The unprecedented phenomena such as global warming, which has been one of the 
controversial issues in recent years, and the climate change have triggered global 
efforts to reduce the concentration of atmospheric carbon dioxide (CO2). Therefore, 
both the Carbon dioxide capture and storage(CCS) are considered a significant 
strategy for meeting CO2 emission reduction targets, [1] especially the Carbon dioxide 
(CO2) capture is a major step to control greenhouse gas emission from various 
industrial sources, including refinery, power plants, cement industries, etc. Various 
post-combustion capture routes, such as modified amine absorption, solid-based 
adsorption, and membrane separation, are being evaluated to capture CO2 efficiently 
in a cost-effective manner. These processes have their own advantages and 
disadvantageous, for instance, the adsorption process is reversible and the absorbent 
can be recycled and high adsorption efficiency is achievable (up to 85%), and it is 
absolutely contrast to absorption processes that use a liquid absorbent, a solid sorbent 
is used to bind the CO2 on its surfaces. Large specific surface area, high selectivity 
and high regeneration ability are the main criteria for sorbent selection. Typical 
sorbents include molecular sieves, activated carbon, zeolites , calcium oxides, hydro- 
calcites and lithium zirconate . [1] 
Thus, the CO2 capture using dry regenerate adsorbent has shown a great interest to 
the researchers in recent years because of lower energy requirements and other unique 
properties compared to other approaches which have been popular to capture CO2 as 
efficiently as possible. 
As the rapid increase in CO2 emissions from human activities is considered to be 
the main cause of global warming, reduction of CO2 emissions has become an urgent 
global issue. Carbon capture and storage (CCS) can provide an immediate solution by 
stabilizing or reducing the atmospheric CO2 concentration via development of CO2 
sequestration methods and accompanying renewable energy technologies. The main 
focus of this field has been placed on amine-, Zeolite13X-, and activated 
carbon-based, CO2 capture. However, these technologies still face challenges, such as 
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high energy consumption during sorbent regeneration, amine loss during regeneration, 
and low amine utilization efficiency. 
Alkali-metal carbonate based sorbents as typical low-temperature sorbents have 
been paid more attention for CO2 capture application over the past several years 
because of both high sorption capacity and low cost. In many studies on the CO2 
capture of alkali-metal carbonate based sorbents, both experimental fuel gas 
conditions and porous supports were focused. Particularly, the experimental 
conditions of CO2 capture include temperatures for occlusion and regeneration 
reactions, a CO2 concentration, a H2O concentration, etc. However, Na2CO3-based 
sorbents have some serious problems such as slow reaction rate or high energy cost 
for regeneration of sorbents. 
Carbon dioxide (CO2) capture is a major step to control greenhouse gas emission 
from various industrial sources, including refinery, power plant, cement industries, etc. 
Various post-combustion capture routes, such as modified amine absorption, 
solid-based adsorption, and membrane separation, are being evaluated to capture CO2 
efficiently in a cost-effective manner. Among these processes, CO2 capture using dry 
regenerate adsorbent has shown a great interest to the researchers because of lower 
energy requirements.  
In the present study, to improve such problems of Na2CO3-based sorbents, we 
prepared Na2CO3-carbon nanocomposite (Na2CO3-C-NC) from terephthalic acid and 
NaOH, and studied CO2 occlusion characteristics of the Na2CO3-C-NC under a moist 
condition. The carbonation properties of Na2CO3-C-NC under a moist condition were 
examined by using the thermogravimetric analysis and X-ray diffraction method. 
However, since constant CO2 capture and regeneration are possible even over 10 
reactions, it appears that even if the reactions become somewhat dissociated, they 
progressed well. 
CO2 capture and storage is an urgent problem has to be resolved in the near future, 
just like the prediction which detail described in chapter 4.1, the CO2 emission result 
from human activities will change the environment dramatically. In the present study, 
to obtain a novel material having high energy efficiency as a CO2 sorbent, mixed 
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alkali-metal carbonates containing cesium were prepared and their CO2 sorbtivity and 
regeneration ability from their bicarbonates were examined. Characteristics of 
alkali-metal carbonates were studied by using thermogravimetry analysis (TGA) and 
X-ray diffraction. 
CsyK1-yHCO3 (y=0.04, 0.05) showed that the regeneration temperature decreased. 
The regeneration temperature started at 400 K and finished at 460 K from TG-DTA 
experiment. This was lower than the regeneration of KHCO3. The amount of CO2 
sorption was 279 mg CO2/g-sorbent for the ratio of K to Cs of 9.5 to 0.5 and in the 
second cycle its CO2 capacity indicated a little decrease. Thus, the mixed alkali-metal 
carbonate was found to be a potential sorbent for capturing CO2. The percent 
conversion of CsyK1-yHCO3 (y=0.05) increases rapidly with the time. The carbonation 
character of CsyK1-yHCO3 (y=0.05) was better than those sorbents. 
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